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ABSTRACT 


This  program,  to  develop  the  technology  necessary  to  build  batteries  based  on  the 
lithium- cupric  fluoride  and  lithium-cobaltic  fluoride  couples,  was  concerned  with  the 
development  of  components  as  well  as  battery  design. 

Propylene  carbonate  and  butyrolactone  were  the  most  stable  solvents  studied  and  the 
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majority  of  effort  was  with  these  solvents.  Conductivities  of  greater  than  10  £?.  cm 
were  measured  with  solutions  of  NH^PFg  in  propylene  carbonate  and  several  fluorine 
complex  salts  in  butyrolactone.  The  influence  of  water  was  minimized  in  these  and 
compatibility  tests  by  direct  distillation  of  solvent  into  the  salt.  Solutions  of  NaPFg 
in  propylene  carbonate  had  reasonable  stability  and  were  moderately  successful  as 
electrolyte  for  cell  tests,  f  Solutions  of  LiC104  in  propylene  carbonate  gave  by  far  the 
best  discharges. 

Lithium  anodes  were  prepared  from  lithium  strip  and  despersions  and  gave  similar 
results  on  cell  test.  The  selection  of  either  type  for  use  in  batteries  will  depend  upon 
fabrication  simplicity. 

Resistance,  electrolyte  absorption,  and  retention  were  measured  for  selected  separator 
material.  Absorption  was  generally  low  for  materials  compatible  with  these  cell  systems. 

Sustained  cell  discharges  with  a  voltage  plateau  were  not  obtained  with  Li-CoF_  cells 

2  ^ 

even  at  current  densities  of  0. 5  mA/in.  .  There  was  evidence  that  the  cell  reaction 
was  that,  nf  the  Li-CoF.  couple  with  a  reaction  2  CoFc  +  Co  —  2  CoF  proceeding 
chemically. 
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Discharges  of  100  hr  above  3.0  V  were  obtained  with  Li-CuFg  cells.  The  best  cell 
had  58%  utilization  of  CuF2  with  a  cell  voltage  above  3.0  V  and  delivered  60  W-hr/lb 
of  cell  weight.  About  one  third  of  the  cell  weight  was  electrolyte  and  improved  figures 
would  be  expected  with  larger  cells  where  the  electrolyte  would  be  a  smaller  proportion 
of  the  cell  weight. 
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Section  I 
INTRODUCTION 


This  is  an  annual  report  covering  the  first  11  months  of  work,  from  1  February  1965 
to  1  <T anuary  1966,  on  the  lithium- cupric  fluoride  and  lithium- cobal tic  fluoride  electro¬ 
chemical  couples.  These  couples  are  of  interest  because  of  their  high  theoretical 
energy  to  weight  ratio  (746  and  970  W-hr/lb  respectively).  The  development  of  batteries 
based  on  these  couples  is  of  particular  importance  for  space  vehicle  power  supplies, 
where  a  premium  is  placed  on  light  weight. 

Pre/ious  Vvork  under  Contract  AF  33(657)-11709  was  concerned  with  the  basic  develop¬ 
ment  c  these  systems.  The  present  2-year  contract  will  carry  the  development 
forwsru  to  culminate  in  the  design,  fabrication,  and  test  of  1,500  A-h  batteries 
developing  300  W-hr/lb  as  a  goal. 

This  r  eport  is  on  the  portion  of  the  contract  which  includes  the  investigation  of  sepa- 
r  ator  materials  and  electrolytes,  the  fabrication  of  anode  and  cathode  structures, 
and  the  design  of  a  25  A-h  battery.  The  25  A-h  battery  is  an  intermediate  goal  to 
evaluate  construction  and  assembly  techniques  in  anticipation  of  the  larger  1,500  A-h 
oattery. 
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Section  n 

EXPERIMENTAL  WORK  AND  DISCUSSION 

2.1  ELECTROLYTE  STUDIES 

The  electrolyte  is  a  critical  component  in  a  primary  electrochemical  cell;  its  physical 
characteristics  affect  the  operating  range  of  the  cell,  its  resistance  contributes  to  the 
impedance  of  the  cell,  and  its  stability  in  contact  with  the  active  cell  elements  has  a 
major  effect  on  the  wet  storage  life  of  the  cell.  Solvents  with  a  wide  liquid  range  were 
selected  for  this  study,  and  the  solubility  of  various  salts  and  the  conductivity  of  these 
solutions  were  determined.  Selected  solutions  were  tested  for  compatibility  with  other 
cell  components,  and  comparative  cell  tests  were  made  with  several  electrolytes. 


2.1.1  Conductivity  of  Electrolyte  Solutions 

Measurement  of  specific  conductivity  of  nonaqueous  electrolyte  solutions  consisting 
of  organic  solvents  and  inorganic  salts  was  initiated.  Solutions  of  the  following 
solvents  and  coordination  salts  were  prepared  in  the  anhydrous  condition  and  tested 
at  two  or  more  temperatures: 


(a) 

Dimethyl  sulfoxide 

Liquid  range 

18  to  189*  C 

(b) 

Propylene  carbonate 

Liquid  range 

-49  to  241°  C 

O 

N 

CH3  -  s  -  ch3 

CH,  -  CH  -  CH 

O  I  I 


II 

o 


(c)  Propylene  carbonate  -  ethylene  carbonate  mixture  (2:1  by  volume) 
Liquid  range  36  to  248*  C 

(b)  plus  CE2  -  CH2 

(X  .0 


ll 

O 


(d)  rormamiiie 
Liquid  range 


O 

ll 

H  -  C-NH. 
2.6  to  210° C  * 


2 


-61  to  153°  C 


O 

II 

H-  C 


(e) 

(f) 


(g) 

(h) 


Dimethyl  formamide 
Liquid  range 

Butyrolactone 
Liquid  range 


-43  to  204°  C 


Diethyl  carbonate 

Liquid  range  -43  to  125°  C 


/CH3 

-  N 

xch3 


o 


C2H5— o—  c-o-  c2h5 
o 


Propylene  carbonate  —  diethyl  carbonate  mixture  (2:1  molar) 
(b)  plus  (g) 


Coordination  Salts* 


Tetramethyl  ammonium  hexafluorophosphate 

Ammonium  hexafluorophosphate 

Potassium  hexafluorophosphate 

Sodium  hexafluoroantimonate 

Phenyl  trimethyl  ammonium  hexafluorophosphate 

Tetramethvl  ammonium  tetrafluoroborate 


(CH3)4NPF6 

NH4PF6 

KPF6 

NaSbFg 

^(CH3)3NPF6 

(CH3)4NBF4 


In  addition,  preliminary  tests  were  performed  on  solutions  of  propylene  carbonate  with 
each  of  the  following  salts:* 


Ammonium  thiocyanate 
Potassium  thiocyanate 
Sodium  acetate 
Ammonium  acetate 
Sodium  perchlorate 


NH4CNS 

KCNS 

NaOOCCH3 

NH400CCH3 

NaC104 


Each  solvent  was  dried  over  activated  molecular  sieve  beds  (Linde  4AxW)  and  subse¬ 
quently  vacuum  distilled  (P  :£  0. 2  mm)  as  noted  to  remove  residual  water.  Salts 
(except  as  noted)  were  dried  in  a  vacuum  desiccator  containing  Drierite  at  a  pressure 
of  ~0. 5  mm  for  24  to  48  hr.  Saturated  solutions  of  each  of  the  above  salts  and  each 
of  the  dried  solvents  we^e  prepared  in  a  glove  box  under  argon  atmosphere  by  adding 
5-gm  increments  of  the  sJt  to  the  solvent  until  no  more  solute  appeared  to  dissolve 
at  room  temperature.  Solutions  were  continually  agitated  for  8  to  24  hr  to  ensure 
saturation,  and  excess  salt  was  allowed  to  precipitate  by  allowing  to  stand  overnight. 
The  approximate  degree  of  solubility  was  noted. 

The  water  contents  of  the  previously  dripd  and/or  distilled  solvents,  as  well  as  the 
prepared  solutions,  were  measured  by  means  of  the  standard  Karl-Fischer  potentio- 
metric  titration  technique  (iodometric) . 


\ 


*Dried  48  hr  in  a  vacuum  oven  at  ~Q.  5  mm  and  110°  C  and  stored  in  a  vacuum  desiccator 
until  ready  for  use. 
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Care  was  exercised  in  the  storage  and  handling  of  distilled  solvents,  dried  salts,  and 
prepared  solutions  to  minimize  contamination  and  exposure  to  the  atmosphere  (and 
consequent  water  uptake),  particularly  before  making  conductivity  measurements. 
Cleaned  and  baked  glassware  was  used  in  all  cases. 

Specific  conductivities  of  solvents  and  salt- solvent  solutions  were  measured  at  each 
of  two  or  more  temperatures  (in  the  range  of  expected  battery  service)  using  a  Jones 
&  Bollinger  Conductivity  Cell  of  known  and  periodically  remeasured  cell  constant, 
and  an  Impedance  Bridge  (General  Radio  Type  1650- A). 

The  effect  of  solute  concentration  on  achieving  maximum  specific  conductivity  of  elec¬ 
trolytes  was  determined  on  selected  saturated  solutions  of  high  conductivity  by  adding 
various  ratios  of  each  dried  solvent  to  the  corresponding  prepared  solutions  and 
measuring  the  conductivity.  Dilution  ratios  ranged  from  9:1  (solution: solvent)  to  1. 6:1. 

Table  I  summarizes  the  data  obtained  during  this  period  on  specific  conductivity  of 
electrolytic  solvents  and  solutions  at  two  or  more  temperatures  and,  in  some  cases, 
various  salt  concentrations.  Included  in  Table  I  are  the  results  of  water  analysis 
of  solvents  and  solutions,  as  well  as  approximate  maximum  salt  concentration  limits 
for  the  electrolytes. 

Results  indicate  that  the  following  saturated  solutions  have  specific  conductivities  of 
about  10-2n-lcm-l  or  greater: 

Saturated  Solution 

DMF  +  NH.PF. 

4  6 

DMF  +  NaPF. 

o 

Butyrolactone  +  NH^PFg 

Butyrolactone  +  NaPFg 

DEC  +  PC  +  NH^PFg 

EC  +  PC  +  NH.PFC 
4  6 

PC  +  NaSbFg 

PC  +  NH4PFg 

DMSO  +  <£(CH3)^NPFg 

DMSO  +  KPF„ 
o 

DMSO  +  NH,PF„ 

*±  U 

Formamide  +  NH^PFg 
Formamide  +  KPFg 
Formamide  +  NaSbFc 


Specific  Conductance 

3.36  x  Hf2jr1cm“1  at  27.2°  C 
2.43  x  10_2fl_1cm_i  at  27. 2°  C 
1.94  x  MfVW1  at  27. 2°  C 
1.33  X  10"2K"1cm"1  at  27. 2° C 
1.04X  l(f2sr1cm~1  at  27. 2°  C 
1. 08  x  10“2a‘  1cm~1  at  23. 2°  C 
1.00  x  io"20"1cm"1  at  23. 2°  C 
9.68  X  10'3O"1cm“1  at  23. 2° C 
1.05  X  10”2S2-1cm-:L  at  27.2° C 
1. 14  x  10-2S2-*cm-1  at  23.2°  C 
1.17  x  10"2n_1cm_1  at  23. 2°  C 
3.03  x  10_2a'1cm“1  at  26.0°C 
1.33  X  lO’VW1  at  26. 0*  C 
1. 00  x  10_2O"1cm“1  at  26. 0°  C 
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From  these  observations,  it  is  concluded  that  the  most  promising  salts  from  the  stand¬ 
point  of  solubility  and  related  increase  in  conductivity  of  the  pure  solvent  are  NH^PFg, 
NaPFg  (or  KPFg),  NaSbFg,  and  4>(CH3)gNPF6,  in  the  order  listed.  Best  solvent  con¬ 
ductivity  was  noted  for  the  propylene/carbonate-ethylene  carbonate  mixture  (2:1  by 
vol),  with  a  value  of  1. 59x  10"^fi_1cm"l.  However,  the  addition  of  salts  to  this 
mixture  did  not  increase  conductivity  as  much,  relatively,  as  in  other  cases  (e.g. , 

DMSO) . 

Studies  on  the  effect  of  salt  concentration  of  electrolyte  conductivity  (made  by  uting 
saturated  solutions  with  additional  solvent)  showed  that  slightly  dilute  solutions  (9:1) 

(e.g.,  PC  +  $(CH3)3NPF6)  had  significantly  greater  conductivity  than  saturated  solu¬ 
tions.  In  two  cases,  DMSO  +  (^(CHsJgNPFg  and  DMSO +NH4PF6,  reducing  the  salt 
concentration  by  one-half  improved  the  spe  ific  conductivity  significantly  fe.g.,  for 
DMSO  +  NH4PF0  from  1. 17  x  10-2&"lcm-^  (sat.)  to  1.37  x  10-2f2~lcm-l  at  1:1  dilution] . 

Results  also  indicate  that  the  water  content  of  the  solutions  was  rather  high,  ranging 
from  250  to  2, 050  ppm  (an  average  cf  450  ppm).  The  chief  source  appears  to  be  the 
absorbed  and  adsorbed  moisture  in  the  salts.  Improved  methods  for  drying  the  salts 
and  effecting  transfer  to  the  solvents  without  atmospheric  contact  have  been  devised. 
Laboratory  equipment  has  been  designed  that  will  permit  vacuum  distillation  of  the 
solvent  and  direct  transfer  to  preweighed  and  predried  salts  for  solution  makeup.  The 
results  will  be  discussed  in  subsection  2. 1.2. 


2.1.2  Conductivity  Measurements  in  Salt  Solutions  With  Minimum  Water  Content 
Solutions  of  propylene  carbonate  with  the  following  salts  were  prepared  for  conductivity 


and  compatibility  studies: 

Potassium  hexafluorostannate  K„SnF„ 

2  6 

Lithium  hexafluorophosphate  LiPF„ 

O 

Potassium  hexafluoroarsenate  KAsF„ 

O 

Potassium  hexafluoroantimonate  KSbF„ 

6 

Potassium  hexafluorophosphate*  KPFfi 

Benzyl  trimethyl  ammonium  hexafluorophosphate*  <£CH0(CH„)  NPF 

2  03  b 

Ammonium  hexafluorophosphate*  NH^PFp 

Sodium  hexafluorophosphate*  NaPF^ 


♦These  solutions  were  prepared  and  tested  for  conductivity  and  compatibility  previously, 
as  reported  in  subsection  2. 1. 1.  They  were  prepared  for  additional  tests  using  the 
present  techniques  to  obtain  more  reliable  data  based  on  their  lower  water  content. 
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Solutions  were  prepared  by  direct  transfer  of  freshly  distilled  solvent  to  the  predried 
salts  to  minimize  water  content  according  to  the  following  procedure.  Salts  were  dried 
ir.  a  vacuum-desiccator  over  fresh  P2O5  for  a  minimum  of  24  hr  at  a  pressure  of  0. 5 
to  1  mm  Hg.  Accurately  weighed  quantities  (15  to  20  gm)  of  each  salt  were  then  trans¬ 
ferred  to  individual  100- ml  round  bottom  flasks.  F«v, .  such  flasks  containing  predried 
salts  were  attach  ,'d  to  the  stems  of  a  glass  "cow"  connected  to  a  vacuum  distillation 
receiver.  Teflon  stopcocks,  incorporated  between  the  flasks  and  the  "cow"-stem, 
permitted  valving  off  the  individual  flasks  from  the  rest  of  the  receiver  system.  A 
glass  delivery  tube  connected  to  the  distillate  receiver  is  turned  within  the  "cow"  to 
transfer  the  freshly  distilled  solvent  to  each  of  the  four  flasks.  In  practice,  the  entire 
distillation  system,  including  the  flasks,  is  evacuated  with  a  mechanical  roughing 
pump  to  a  pressure  of  0. 5  to  1  mm  Kg;  the  salt  in  the  flasks  is  heated  to  100— 120°  C 
by  means  of  a  hot-air  blower-gun  for  15  .0  30  min  (to  drive  off  remaining  adsorbed 
moisture,  water  of  crystallization,  etc.);  and  75  ml  of  freshly  distilled  solvent  is 
transferred  to  each  flask  while  maintaining  vacuum.  To  ensure  that  solvent  distillate 
has  the  lowest  possible  water  content  prior  to  transfer,  the  conductivity  is  determined 
in  situ  by  means  of  platinum  electrodes  embedded  in  the  walls  of  the  receiver  prior  to 
transfer  to  the  flasks.  Distillate  having  a  specific  conductivity  higher  than  5  x  io7 
ft-1cnf 1  is  acceptable  and  is  drained  via  the  internal  delivery  tube  into  each  flask. 

The  stopcocks  adjacent  to  the  flasks  are  then  closed,  the  receivers  removed  from  the 
system  and  agitated,  and  the  evacuated  contents  stored  in  a  glove  box  under  argon 
atmosphere  until  ready  for  use.  The  same  procedure  was  used  to  prepare  larger 
batches  of  electrolyte  solutions  (e.g. ,  P.  C.  &  NaPFg,  P.  C.  &  LiPFg)  for  cell  discharge 
tests. 

Details  of  the  distillation  apparatus  and  receiver  are  shown  in  Figure  1.  Solutions  of 
y-butyrolactone  with  the  following  salts  were  prepared  using  a  smaller  distillation 
apparatus  but  the  same  transfer  procedure: 

*CH2<CH3>3NPF6 

ivAsFg 

NaPFg 

KSbF„ 

6 

Pri  or  to  vacuum  distillation  of  y-butyrolactone  (bp  77°  C  at  1  mm  Hg),  excess  mois¬ 
ture  was  removed  by  allowing  the  solutions  to  stand  over  an  activated  molecular  sieve 
(Linde  4Axw)  for  24  hr  and  passing  it  through  a  75-cm  column  of  the  same.  A  plug  of 
glass  wool  at  the  bottom  of  the  column  was  used  for  filtering  the  solvent  passing 
through  the  column.  Water  content  prior  to  distillation  was  77  ppm. 

The  water  content  of  the  solutions  was  measured  b}  means  of  the  standard  Karl- Fischer 
potentiometric  titration  technique  and  is  reported  in  Table  II..  Results  indicated  that 
the  solution  preparation  and  transfer  techniques  reported  were  successful  in  reducing 
water  contents  app  '?iably  compared  with  the  previously  prepared  solutions  as  reported 
in  subsection  2, 1.  i.  'The  water  content  averaged  from  39  to  160  ppm  (or  about  20% 
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Figure  1  Distillation  Apparatus  and  Receiver  Schematic 


Table  II 


SPECIFIC  CONDUCTIVITY  OF  SALT  SOLUTIONS 


Solvent 

Salt 

Concentration 
(gm/100  ml  solvent) 

Specific 

Conductivity 

(fi-lcm-1) 

Water 

Content 

(ppm) 

Propylene  Carbonate 

K2SnF6 

<30 

1 . 28  x  10-4  @  21 . 8°  C 

804 

Propylene  Carbonate 

LiPFg 

<30 

5.65X10~3@21.8°C 

60 

Pr  opylene  Carbonate 

KAsFc 

o 

<30 

6.88X10-3@21.8°C 

2590 

Propylene  Carbonate 

KSbFg 

<30 

7. 15X  10~3  @21. 8°  C 

120 

Propylene  Carbonate 

KPFg 

30 

6 . 87  X  10-3  @  23 . 6°  C 

40 

Propylene  Carbonate 

KSbFg 

(re-run) 

40 

7.58X10"3§23.6°C 

120 

Propylene  Carbonate 

KAaFg 

(re-run) 

20 

7.95X10_3^23.6°C 

320 

Propylene  Carbonate 

0CH2(CH3) 
NPFg  3  3 

40 

7 . 19  x  10~3  @  23 . 6°  C 

200 

Propylene  Carbonate 

NaPFg 

<40 

6. 26X  10~3  (a  24. 2°  C 

160 

Propylene  Carbonate 

NaSbFg 

<40 

6,85X10~3§24.2°C 

120 

Propylene  Carbonate 

NH4PF6 

<40 

1. 08X  10~2  @24. 2°  C 

120 

Propylene  Carbonate 

^CH2(CH3)3 

NPF6 

(re-run) 

<40 

7 . 39  x  10~3  (a  24. 2°  C 

160 

y-Butyrolactone 

<^,CH2(CH3)o 
NPFg  3 

<40 

1 . 08  X  10~2  (g:  23 . 2°  C 

60 

y-Butyrolactone 

KAsFg 

<40 

1.38X  10~2@23.2°C 

1430 

y-Butyrolactone 

NaPFg 

<40 

1.32X  10~2@23.2oC 

39- 

y-Butyrolactone 

KSbFfi 

<40 

1. 16x  10-2  @23. 2°  C 

160 

y-Buty  rol  actone 

K2SnF6 

<20 

1.  32x  10  “  (g)  25.  8°  C 

1_U 
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of  the  values  reported  for  previously  made  solutions)  except  in  the  case  of  solutions  of 
propylene  carbonate  and  butyrolactone  with  potassium  hexafluoroarsenate,  which  con¬ 
tained  up  to  2, 590  ppm.  It  is  believed  that  this  salt  contained  water  of  hydration  which 
was  tenaciously  held  and  not  completely  removed  by  the  drying  procedure  followed. 

Specific  conductivities  of  salt- saturated  electrolyte  test  solutions  were  measured  at 
one  temperature  using  a  Jones  &  Bollinger  conductivity  cell  of  known  cell  constant  and 
an  Impedance  Bridge  (General  Radio  Type  1650- A).  Results  are  presented  in  Table  EL 
Approximate  solubilities  of  each  salt  with  propylene  carbonate  and/or  y-butyrolactone 
are  indicated.  Results  show  that  conductivities  above  10“2fi-lCm-l  were  obtained  with 
all  the  solutions  containing  y-butyrolactone  and  only  one  solution  containing  propylene 
carbonate  (namely,  a  saturated  solution  of  NI^PFg).  In  general,  the  conductivities  are 
somewhat  lower  than  those  previously  determined  for  similar  solutions  as  reported  in 
subsection  2.1.1.  This  may  be  attributed  to  lower  salt  solubilities  as  a  result  of  the 
more  anhydrous  nature  of  the  presently  prepared  solutions. 

To  obtain  additional  information  on  the  effect  of  water  on  nonaqueous  electrolyte  solu¬ 
tions,  the  effect  of  moisture  content  on  the  specific  conductivity  of  saturated  solutions 
of  sodium  hexafluorophosphate  in  propylene  carbonate  was  determined  as  follows: 

Solution  2.1.  Based  on  the  original  water  content  (32  ppm)  of  the  saturated  solu¬ 
tion  prepared  as  described  previously,  calculated  quantities  of 
distilled  water  were  added  with  micropipettes  to  three  aliquots  of 
this  solution  (containing  excess  salt)  in  order  to  increase  the 
nominal  moisture  content  to  1, 000,  2, 000,  and  10,  000  ppm. 

Solution  2.2.  Specific  conductivities  of  these  solutions  were  determined  at  25.2°  C 
as  previously  described.  Results  are  shown  in  Figure  2. 


The  concentration  versus  specific  conductivity  of  sodium  hexafluorophosphate-propylene 
carbonate  solutions  was  determined  in  accordance  with  the  following  procedure: 


Solution  1.1. 


One  liter  of  saturated  solution  of  NaPFg  in  propylene  carbonate  was 
prepared  by  distilling  the  solvent  directly  into  a  flask  containing  the 
preweighed  (138  gm)  and  predried  salt  under  vacuum  (p  ~  1  mm  Hg) 
conditions.  The  solution  was  repeatedly  agitated  and  allowed  to 
reach  equilibrium  over  a  24-hr  period.  Approximately  100  gm  of 


Solution  1.2.  An  aliquot  of  saturated  solution  was  diluted  with  an  eoual  volume  of 
freshly  distilled  propylene  carbonate. 

Solution  1.3.  An  aliquot  of  the  dilute  solution  was  diluted  again  with  an  equal 

volume  of  freshly  distilled  propylene  carbonate.  (The  dilution  ratio 
of  the  original  saturated  solution  was  1:4. ) 
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SPECIFIC  CONDUCTIVITY  (IT1  cm  x  103) 


WATER  CONTENT  (ppm  x  103) 


Figure  2  Effect  of  Water  Content  on  Conductivity  of  NaPFg  —  Propylene 
Carbonate  Solutions 


Solution  1.4.  Specific  conductivities  of  the  foregoing  solutions  were  measured 
at  25. 3°  C  with  a  Jones  &  Bollinger  conductivity  cell  of  known  cell 
constant  and  an  impedance  bridge  (General  Radio  Type  1650- A). 
Results  are  given  in  Figure  3. 

The  equivalent  conductance  at  each  of  three  concentrations  of  NaPFg  in  propylene  carbo¬ 
nate  was  calculated  from  the  known  concentrations  and  specific  conductivities  (reported 
in  Table  I)  and  the  following  relationship: 

.  <1000>L(ions) 

A  C 

where 

A  =  equivalent  conductance  (ft 

Lions  =  specific  conductivity  of  ions  [=  L(S0lution)  -  L(solvent)] 

C  =  concentration  of  salt  (gm-eq/l) 

Equivalent  conductance  data  are  reported  in  Table  in. 

Table  m 

EQUIVALENT  CONDUCTANCE  DEGREE  OF  DISSOCIATION 
AND  IONIZATION  CONSTANT  FOR  Na.PF6-PROPYLENE 
CARBONATE  SOLUTIONS 

NaPF6  Equivalent  Degree  of  Ionization 

Solution  Concentration  Conductance  A(ft"l)  Dissociation  Constant 
No.  (molesAiter)  (@  25.3°  C) _  (a)  (Ka) 

1.  l(sat.)  0.696  9.55  0.34  0.12 

1.2  0.348  14.38  0.51  0.19 

1.3  0.174  18.85  0.67  0.24 

A  plot  of  equivalent  conductances  versus  the  square  roots  of  the  corresponding  con¬ 
centrations  indicated  a  linear  relationship  characteristics  of  strong  electrolyte  behavior 
(Kohlrausch's  Rule).  The  value  of  equivalent  conductance  at  infinite  dilution  for  NaPF6 
in  propylene  carbonate  was  readily  obtained  by  extrapolating  the  line  to  zero  concen¬ 
tration  (A0  =  28)  as  shown  in  Figure  4. 

This  value  is  within  the  range  reported  in  the  literature  (A0  =  28  -  31)*  for  some  alkali 
halides  (e.g. ,  KI  and  Nal)  in  propylene  carbonate. 


^Harris,  W.  S. ,  "Electrochemical  Studies  in  Cyclic  Esters,"  University  of  California 
(Berkeley)  Radiation  Laboratory  Report  UCRL-8381  (Thesis),  17  July  1958. 
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SPECIFIC  CONDUCTIVITY  (&~x  cm  x  10“) 


3.0 


NaPFg  in  Propykue  Carbonate 
(Temperature  25.3°C).  Water 
Content  (Saturated  Solution) 

32  ppm 


CONCENTRATION  (MOLES/LITER  x  10) 


Figure  3  Effect  of  NaPFg  Concentration  on  Conductivity  of  Propylene 
Carbonate  Solutions 
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EQUIVALENT  CONDUCTANCE  (JT'1  cm2  Equiv 


0 


0 


j _ _ i _ i _ I _ i _ i 

2  4  6  8  10  12 

CONCENTRATION  (MOLES1^2  LITER- 1^2) 


Figure  4  Kohlrausch  Plot  for  NaPF  —  Propylene  Carbonate 


It  is  of  interest  to  calculate  the  degree  of  dissociation  and  the  ionization  constant  of 
the  salt  in  solution  from  the  derived  electrochemical  data.  These  parameters  were 
calculated  from  the  following  relationships  and  are  reported  in  Table  HI. 


a 


[Na*]tPF6-|  A 

a  (NaPFJ  l  -  a 

o 


2.1.3  Determination  of  Solubilities  of  Alkali  Fluorides  in  Propylene  Carbonate  From 
Electrochemical  Data 

In  the  discharge  of  the  lithium-CuF2  battery,  lithium  ions  and  fluoride  ions  are  generated 
at  the  anode  and  cathode,  respectively.  In  addition,  ions  from  the  dissociation  of  the 
salt  are  present  in  the  electrolyte.  These  ions  can  interact  to  produce  a 
Thus,  in  the  case  of  NaPF6-propylene  carbonate  electrolyte,  Na+  and  Li 
tition  for  PF6~  and  F~  in  solution.  The  least  soluble  salt,  whether  hi  a F  or  LiF,  will 
precipitate  out  of  solution.  (Alkali  halides  are  very  insoluble  in  cyclic  organic  esters, 
leaving  Li+and  PFg"  or  Na+  and  PFe~,  respectively,  in  solution.) 

To  determine  which  species  precipitate  and  which  remain  in  solution,  it  was  necessary 
to  measure  the  solubilities  of  selected  alkali  fluorides  of  interest  in  propylene  carbonate. 
Solubilities  were  calculated  from  the  electrochemical  properties  of  saturated  dry  solu¬ 
tions  of  KF,  LiF,  and  NaF  in  propylene  carbonate  prepared  in  a  manner  similar  to 
that  described  for  Solution  1.1.  Results  are  given  in  Table  IV. 


precipitate. 

*  are  in  compe- 


Table  IV 


SOLUBILITIES  OF  ALKALI  FLUORIDES  IN  PROPYLENE  CARBONATE 
(Calculated  From  Conductivity  Data) 


Solution 

Composition 

Specific  Conductivity 
at  25°  C 
(55lcm"l) 

Assumed  Equivalent 
Conductance 
at  25°  C 
(AMO-1) 

Solubility 
(Concentration 
at  Saturation) 
(gm/100  ml) 

PC 

3.25  x  1C-7 

_ 

— 

PC+KF(sat.) 

.  . „-5 

i.  DU  A  JLU 

oo 

U\J 

2.9  x  in 

PC+LiF(sat.) 

1.99  x  10~6 

28 

1.5  x  io"4 

PC+NaF(sat.) 

7.60  X  10"7 

28 

6.1  X  10“° 

Solubility  calculations  were  made  from  the  measured  specific  conductivities  at  25°  C 
and  the  assumed  values  of  equivalent  conductance  reported  in  the  literature*  for  certain 
alkali  halides  {e.g. ,  A0  =  28  -  31  for  KI  and  Nal).  The  following  relationship  was  used 
to  calculate  the  reported  values: 


<1000)L(ions) 


where  C  is  the  solubility  of  the  salt  and  assuming  that  all  of  the  dissolved  salt  exists 
in  simple  ionic  form.  Results  indicate  that  solubilities  decrease  in  the  following  order: 
KF,  LiF,  and  NaF.  The  solubilities  decrease  roughly  by  one  order  of  magnitude  for 
each  salt.  Hence,  it  is  concluded  that  in  the  NaPFg-propylene  carbonate  system,  NaF 
will  precipitate  out  on  cell  discharge,  leaving  Li+PF6_  as  the  electrolyte.  Conversely, 
if  KPFg  electrolyte  were  used,  LiF  would  precipitate  and  K+PFg"  would  remain  in 
solution. 


2.1.4  Electrolyte  Compatibility  Studies  , 

The  following  solutions  previously  tested  for  conductivity  were  individually  added  in 
20- ml  aliquots  to  1-gm  quantities  of  lithium  metal,  anhydrous  cobalt  trifluoride 
(C0F3),  and  anhydrous  cupric  fluoride  (CuF2)  in  a  glove  box  under  argon  atmosphere. 
Care  was  exercised  not  to  introduce  moisture  on  contaminants  into  the  test  reagents. 

DMSO  +  NaPF8 

Propylene  carbonate  +  NH4PF6 

DMSO  +  NaSbF6 

Propylene  carbonate  +  NaSbFg 

Formamide  +  NH4PF6 

DMSO  +  NH4PF6 

Propylene  carbonate  +  ^(CHs^NPFg 
Butyrolactone  +  NaPFg 
Butyrolactone  +  NIUPFg 
Dimethyl  formamide  +  NaPF6 
Dimethyl  formamide  +  NH4PF6 

The  reagents  were  sealed  in  snpw-lid  glass  jars  equipped  with  polyethylene  film  liners 
and  observed  for  evidence  of  reaction  such  as  color  change,  precipitation,  gas  evolu¬ 
tion,  etc.  The  test  solutions  were  stored  and  observed  periodically  for  evidence  of 
slow  reactions.  The  results,  presented  in  Table  V,  indicate  that  the  butyrolactone 
solutions  with  NaPF0  and  NH4PF6  were  the  most  compatible  with  the  test  reagents, 


*Ibid. 
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Form  amide  Violeat  reaction  Deep  blue  Red-violet  —  Very  deep  blue  Deep  red-violet 

+NBLPF.  heat  evolved  sol'n  sol'n  sol'n  sol'n 

(.Li  removed) 


although  the  blue  color  of  the  solution  with  CuF2  indicates  that  some  complexing  may 
have  occurred.  All  other  solutions  reacted  with  lithium.  Complexing  and/or  reduction 
of  Co  may  have  occurred  in  most  cases  with  the  solutions  in  the  presence  of  C0F3.  It 
is  possible  that  the  traces  of  water  present  in  the  elect.,  'iyte  test  solutions  as  reported 
may  have  influe’^ea  the  compatibility  test  results.  Steps  are  being  taken,  as  described 
previously,  to  1  educe  the  moisture  content  and  furthermore  to  effect  .ransfer  of  solu¬ 
tions  to  test  reagents  under  vacuum  or  inert  atmosphere  to  minimize  water  entrapment. 
Alse,  sealed  glass  ampules  will  be  used  in  the  future  for  storage  and  observation  of 
compatibility  test  solutions,  as  described  in  subsection  2.1.5. 


2.1.5  Compatability  Studies  in  Sealed  Glass  Containers 

Electrolyte  test  solutions,  previously  tested  for  conductivity  and  water  content,  were 
individually  added  in  10- mi  aliquots  to  l/4-gm  quantities  of  lithium  metal  a^d  l/2-gm 
quanti  ,es  of  anhydrous  cobalt  trifluoride  and  anhydrous  cupric  fluoride  in  a  glove  box 
under  argon  atmosphere.  Solutions  were  carefully  transferred  with  hypodermic 
syringes  from  the  original  distillation  receiver  flasks  to  20-ml  glass  ampoules  contain¬ 
ing  the  preweighed  anode  and  cathode  test  materials.  The  ampoules  were  tightly  corked 
after  transfer  to  the  glove  box,  removed  from  the  box,  and  individually  tipped  with  a 
torch  to  seal  the  contents  in  all  glass  containers.  The  test  solutions  were  stored  and 
observed  periodically  for  evidence  of  reaction  (e.g. ,  color  changes,  precipitation,  and 
gas  evolution). 

The  following  test  solutions  were  prepared  in  the  manner  described  and  checked  for 
compatibility  with  Li,  CoFg,  and  CuF2: 

Propylene  carbonate  +  KPFg 

Propylene  carbonate  +  KSbFg 

Propylene  carbonate  +  KAsFg 

Propylene  carbonate  +  0CH2(CHg)gNPFg 

Propylene  carbonate  +  NaPFg 

Propylene  carbonate  +  NaSbFg 

Propylene  carbonate  +  NH^PFg 

y-Butvrolactone  +  (/)CH0(CHr.)_NPF(? 

*  •->  a  u 

y-Butyrolactone  +  KAsFg 

7-Butyrolactone  +  KSbFg 

y-Butyrolactone  +  NaPFg 

Observations  a  'e  reported  in  Tables  VI,  VII,  and  VIII.  Judging  by  the  color  change  of 
the  solution  or  the  appearance  of  the  lithium  surface,  the  most  stable  electrolyte  with 


Table  VI 


CHEMICAL  COMPATIBILITY  OF  ELECTROLYTES 
WITH  LITHIUM 


Electrolyte 

Test  Solution 
(Saturated) 

Immediate 
-1  Day 

12-20  Days 

Li 

6-7 

Weeks 

PC+KPFc 

6 

No  reaction 

No  rx;  sol'n 
slightly  yellow 

Li  Bright; 

sol  'n  clear  amber 

PC+KSbF* 

0 

No  reaction  but 
edges  of  Li 
appeared  dull 

Edges  of  Li 
blackened  and 
complete  sur¬ 
face  became 
black;  sol’n 
clear 

Li  very  black; 
sol’n  clear 

PC+KAsF 

6 

No  reaction  but 
edges  of  Li 
appeared  tar¬ 
nished 

Li  surface  be¬ 
came  very 
black;  sol’n 
clear 

Li  very  black; 
sol’n  pale  yellow 

PC+0CH2(CH3)  NPFg 

No  reaction 

Sol'n  turbid 
(white);  Li 
o.k. 

Li  tarnished; 
sol'n  turbid  (white 
precipitate) 

PC+NaPF. 

o 

No  reaction 

Norx;  sol’n 
clear;  Li  o.k. 

Li  tarnished; 
sol'n  turbid  (white 
precipitate) 

PC+NaSbFc 

D 

No  reaction 

Sol’n  grayish; 

Li  very  black 

Li  very  black; 
sol'n  clear 

PC+NH  .PF„ 

4  6 

Immediate  Rx; 
fizzing(gas  evo¬ 
lution);  heat 
evolved 

Reacted 

BL+<*>CH2(CH3)3NPFg 

No  reaction 

Sol’n  amber; 

Li  o.k. 

Li  bright; 
sol'n  amber 

BL+KAsFc 

6 

N*->  reaction  but 
edges  of  Li 
tarnished 

Li  surface 
blackened; 
sol'n  clear 

Li  gray-black; 
sol'n  clear 

BL+KSbFc 

6 

No  reaction  but 
edges  of  Li 
tarnished 

Li  surface 
blackened; 
sol’n  amber 

I  j  very  black; 
sol'n  clear 

BL+NiPFc 

D 

No  reaction 

Li  o.  k. ;  sol'n' 
amber 

Li  bright; 
sol'n  yellowish 
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Table  VII 

CHEMICAL  COMPATIBILITY  OF  ELECTROLYTES 
WITH  CUPRIC  FLUORIDE 


Electrolyte 

Test  Solution 
(Saturated) 

Immediate 
-1  Day 

12-20 

Days 

6-7 

weeks 

PCi-KPFc 

6 

No  reaction 

No  rx;  sbl'n  clear 

Solution  clear 

PC+KSbF 

D 

No  reaction 

No  rx;  solution 
clear 

Solution  clear 

PC+KAsFg 

No  reaction 

No  rx;  solution 
clear 

Solution  clear 

PC+0CH2(CH3)^NPF6 

No  reaction 

No  rx;  sol'n  clear 

Solution  clear 

PC+NaPF,.  > 

D 

No  reaction 

Sol’n  slightly  amber 
but  clear 

Solution  brown- 
black;  white 
precipitate 

PC+NaSbFg 

No  reaction 

No  rx;  solution 
clear 

Solution 
pale  green 

PC+NH,PF„ 

4  b 

No  reaction 

No  rx;  solution 
clear 

BL+0CH2(CH3)  NPFg 

No  reaction 

No  rx;  solution 
clear 

Solution 
faint  green 

BL+KAsF. 

o 

No  reaction 

N  rx;  solution 
clear 

Solution 
faint  green 

^L+KSbF 

b 

Pale  green 
solution 

Solution  green 

Solution 

blue-green 

BL+NaPF„ 

o 

Pale  green 
solution 

Solution  greenish- 
black 

Solution  brown- 
black;  white 
precipitate 

L  ‘  _ 

Table  Via 


CHEMICAL  COMPATIBILITY  OF  ELECTROLYTES 
WITH  COBALTIC  FLUORIDE 


Electrolyte 

Test  Solution 
(Saturated) 

— 

Immediate 
-1  Day 

12-20 

Days 

6-7 

weeks 

PC+KPF„ 

6 

No  reaction 

Sol'n  slightly 
amber  but 
clear 

Solution  clear 

PC+KSbFe 

6 

No  reaction 

Sol’n  slightly 
amber  but 

Solution 

red-brown 

PC+KAsFg 

No  reaction 

Sol’n  slightly 
pink  but 
clear 

Solution  dark 
red-brown 

PC+0CH2(CH3)3NPFg 

No  reaction 

Sol'n  slightly 
amber  but 
clear 

Solution 
pale  amber 

PC+NaPFg 

No  reaction 

Sol'n  slightly 
amber  but 
clear 

Sol'n  magenta; 
;vhite  precipitate 

PC+NaSbFc 

o 

No  reaction 

Sol'n  slightly 
amber  but 
clear 

Sol'n  light 
brcwn-pink 

PC+NH4PFg 

No  reaction 

Sol’n  slightly 
amber  but 
clear 

BL+</>CH2(CH3)3NPFg 

No  reaction 

. . 

Sol'n  dark 
brown 

Suiuliuii 

brown-black 

BL+KAsFg 

No  reaction 

No  rx;  sol'n 
clear 

Solution 

red-brown 

BL+KSbFc 

No  reaction 

Sol’n  ciark 
red-brown 

Solution 

brown-black 

BL+NaPFg 

No  reaction 

Sol'n  dark 
red-brown 

Sol'n  dark  red- 
brown;  white 
precipitate 

I 
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lithium  is  PC+KPFg;  NaPFg  cr  <£CH2(CH3)gNPFg  ineither  PC  or  BL  show  fair  compati¬ 
bility,  All  the  ek  -'trolytes  tested  with  CuF2  appeared  to  be  stable,  except  that  NaPFg 
in  either  PC  or  BL  was  stable  for  a  short  time  and  then  darkened. 

Solutions  of  KPFg  in  PC  and  <p  G^CHslgNPFg  in  PC  showed  little  reaction  with  C0F3. 
All  the  BL  solutions  reacted,  indicating  that  this  solvent  is  somewhat  less  than  PC. 


2.2  SEPARATOR  STUDIES 

The  separator  is  an  electrochemical  cell  serving  the  dual  purpose  of  keeping  the  two 
electrodes  separated  while  simultaneously  allowing  penetration  by  the  electrolyte  so 
that  an  ionic  conducting  path  may  exist  between  the  electrodes.  The  mechanical 
separation  between  the  cells  must  be  sufficient  to  prevent  shorting;  the  ionic  conduct¬ 
ing  path  should  have  as  low  a  resistance  as  possible.  The  resistance  of  the  separator 
increases  with  the  thickness  and  decreases  as  the  porosity  becomes  greater,  porosity 
here  being  considered  to  be  the  area  of  the  separator  that  allows  ionic  conduction.  In 
cells  where  the  electrolyte  does  not  directly  enter  the  electrode  reactions,  the  thinnest 
separator  with  the  maximum  porosity  will  give  the  lowest  resistance  and  have  the  low¬ 
est  power  loss  during  discharge. 

The  separator  resistance  was  measured  in  a  fixture  with  flooded  separator  held 
between  two  silver-faced  pistons  in  a  polytetrafluoroethylenc  tube.  The  dry  and  wet 
thicknesses  of  the  separator  were  also  measured  in  this  fixture  v,  ith  the  aid  of  a  surface 
plate  and  a  dial  indicator.  Because  of  th>  large  faces  and  close  spacing  of  the  electrodes 
in  the  fixture,  a  capacitive  element  was  introduced  into  the  measurement.  The  series 
capacitance  Cs  and  dissipation  factor  D  are  measured  with  an  AC  bridge.  From 
these  data,  the  resistance  per  circular  inch  of  the  material  is  calculated  by  the  following 
formula: 


A  sodium  hexafluorophosphate  solution  (0.  8  moles/liter)  in  propylene  carbonate  was 
used  as  the  electrolyte  in  this  test.  It  was  prepared  from  commercial  solvent  without 
dehydration  and  had  a  resistance  of  7  x  lo~3fi-lcm-l. 

Two  other  characteristics  of  separators  are  important  for  cells  that  are  to  operate 
in  space  vehicles:  the  absorption  of  electrolyte  by  the  separator  and  its  retention 
during  acceleration.  Sufficient  absorption  and  retention  will  maintain  electrolyte 
between  the  electrodes  so  that  normal  discharge  will  continue  during  the  environmental 
conditions  encountered  in  such  applications.  The  methods  for  measuring  these  charac¬ 
teristics  are  similar  to  those  suggested  for  separators  for  alkaline  silver  oxide-zinc 
batteries.* 


*J.  E.  Cooper  and  A.  Fleischer,  eds. ,  Characteristics  of  Separators  for  Alkaline  Silver 
Oxide  Zinc  Secondary  Batteries,  AF  Aero  Propulsion  Laboratory,  n.d. 
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The  absorption  is  measured  by  immersing  the  sample  in  electrolyte  and  soaking, 
wiping  off,  and  weighing.  Hie  weight  of  the  absorbed  electrolyte  (the  difference 
between  wet  and  dry  separator  weight)  divided  by  the  dry  separator  weight  is  given 
as  the  absorption  figure. 

The  retention  was  measured  by  placing  the  separator  sample,  supported  by  a  screen, 
in  a  fixture  (Figure  5)  and  placing  the  fixture  in  a  centrifuge.  The  fixture  was  rotated 
at  a  speed  which  subjected  it  to  an  acceleration  25  times  gravity  and  maintained  at 
that  speed  for  2  min.  The  sample  was  then  removed  from  the  fixture  and  weighed 
and  the  retention  represented  as  a  percentage  of  the  absorbed  electrolyte  retained 
after  centrifugation. 

The  resistance,  absorption,  and  retention  measured  for  a  variety  of  separator  mate¬ 
rials  are  given  in  Table  IX.  Absorption  and  retention  are  similar  to  those  measured 
with  aqueous  electrolytes,  although  the  higher  absorption  values  were  measured  with 
separators  for  aqueous  electrolytes.  The  glass  fiber  felts  still  appear  to  have  the 
best  combination  of  favorable  characteristics  for  use  in  nonaqueous  cells. 


2.3  LITHIUM  ANODE  STUDIES 


Lithium  metal  is  commercially  avail sble  as  extruded  strip  and  as  dispersions,  as  well 
as  rod  and  other  more  massive  forms .  The  form  in  which  lithium  is  used  as  an  anode 
will  depend  upon  the  polarization  and  utilization  of  the  lithium  and  upon  the  ease  with 
which  electrodes  can  be  fabricated  at  present,  the  current  densities  obtainable  from 
Id-CuF2  allow  the  use  of  sheet  lithium  wiihout  excessive  polarization.  As  higher 
current  density  cathodes  are  fabricated,  higher  current  density  anodes  will  be  required 
and  higher  surface  area  electrodes  may  be  necessary.  Polarization  is  not  only  a  loss 
of  useful  energy  but  also  increases  the  problems  of  thermal  control  of  the  battery  when 
used  in  a  space  vehicle. 


The  majority  of  the  cells  tested  on  this  program  used  anodes  prepared  by  rolling  strip 
lithium  on  silver  or  nickel  expanded  metal.  This  method  was  used  because  of  its 
simplicity  and  adaptability  to  electrodes  of  different  sizes. 


A  test  fixture  that  allowed  the  use  of  reference  electrodes  with  both  cell  electrodes, 
Figure  6  was  prepared  for  the  evaluation  of  lithium  anodes  as  well  as  prepared  cathodes, 
it  consisted  of  a  polypropylene  block  with  caviliwo  uu  butli  slues  to  hold  electrodes 
which  were  connected  by  a  substantial  electrolyte  chamber.  Both  shoulders  holding 
the  electrodes  in  place  were  drilled  at  45  deg  for  Lugin  capillaries  connecting  to  refer¬ 
ence  electrode  chambers.  Ibis  block  cell  was  assembled  in  the  dry  box  with  appro¬ 
priate  electrodes  and  placed  in  a  commercial  Pyrex  fitting  which  was  closed  by  an 
O-ring  gasketed  polytetrafluoroethylene  plate  holding  feedthrough  electrical  connections. 
This  assembly  could  then  be  removed  from  the  dry  box  for  test. 
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Table  IX 


CHARACTERISTICS  OF  SEPARATOR  MATERIAL 


Material 

Identi¬ 

fication 

Thickness 

Resistance 

Absorption 

Retention 

(%) 

Dry 

(in.) 

Wet 

(in.) 

(ohm  /in.2) 

Membrane  Filter 

6424 

.027 

^^9 

7.3 

6,10 

100 

Membrane  Filter 

6429 

.027 

1p13 

8.8 

5.33 

80 

Glass  Fiber  Paper 

TypeG 

.040 

.039 

7.3 

6.06 

85 

Glass  Fiber  Paper 

TypeE 

.020 

.019 

3.0- 

8.70 

98 

Glass  Fiber  Paper 

Type  A 

.025 

.024 

3.8 

4.  03 

95 

Glass  Fiber  Paper 

231 

.011 

.011 

2.5 

7.43 

90 

Glass  Fiber  Paper 

221 

.003 

.003 

13. 

4.  03 

54 

Glass  Fiber  Paper 

122 

.005 

.005 

3.3 

2.22 

56 

Polyolefin  Film,  Porous 

H1250 

.032 

.032 

6.9 

1.03 

78 

Polyolefin  Film,  Porous 

14PN 

.011 

1.8 

2.09 

99 

Polycarbonate  Film 

- 

.  006 

21.5 

,093 

53 

Polycarbonate  Film 

- 

.002 

.002 

4.1 

.140 

85 

Cellulosic  Gauze 

478 

.006 

.006 

10.7 

1.12 

98 

Cellulosic  Nonwovcn 

R2201 

.904 

4.73 

10.1 

60 

Polyester  Nonwoven 

EM345 

.004 

7.7 

.018 

55 

Polyester  Nonwoven 

EM346 

.005 

17. 

.080 

54 

Polyester  Nonwoven 

EM343 

.004 

20.4 

.440 

95 

Polyolefin  Nonwoven 

SM91 

.006 

14.4 

1.  62 

94 

Polyolefin  Nonwoven 

EM476 

.004 

4.4 

.993 

98 

Cellulosic  Paper 

705-C 

.003 

3.9 

.  037 

100 

Acrylic  Paper 

922D 

.007 

6.0 

205 

99 

Acrylic  Paper 

922B 

.  010 

7.2 

.375 

99 

Cellulosic  Film 

300 

.001 

122. 

.  100 

58 

Cellulosic  Film 

600 

l-001 

.001 

202. 

.183 

»»  . . . . . . 

68 
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Lithium  wire  was  used  as  the  reference  electrode.  Sheet  lithium  rolled  on  expanded 
silver  mesh  was  used  for  preliminary  runs  with  a  PC-NaPFg  electrolyte.  In  the  first 
tests,  slightly  higher  polarization  values  were  measured  than  had  previously  been 
recorded. +  This  could  be  the  result  of  the  film  on  the  lithium  caused  by  higher  water 
content  than  normal  in  the  assembly  dry  box,  or  by  water  in  the  electrolyte. 

Anodes  were  prepared  from  lithium  dispersions.  A  commercially  available  lithium 
with  50%  solids  and  iOOp  or  less  in  hydrocarbon  solvent  was  pasted  on  expanded  nickel 
sheet  and  pressed  at  2T/in.2  with  the  die  faces  prelected  with  polyester  film.  Circular 
electrodes  were  cut  and  wash  ;d  in  ethyl  ether  and  propylene  carbonate  to  remove  the 
dispersion  solvent.  The  electrodes  were  assembled  in  block  cells  with  side  Lugin 
capillaries  connecting  to  a  chamber  with  a  lithium  wire  reference  cell.  Two  cells 
were  prepared  with  sheet  lithium  anodes,  and  two  with  lithium  dispersion  anodes. 

One  cell  in  each  group  had  a  (X1F2- silver  flake  cathode  and  one  a  CuF2~  copper  flake 
cathode.  The  electrolyte  in  all  cases  was  IM  NaPFg-propylene  carbonate.  The  initial 
load  on  the  cells  was  increased  in  steps  from  1  to  7. 2  mA/in.2.  With  both  anode  types, 
a  high  initial  polarization  occurred  as  load  was  applied,  with  but  slight  increase  with 
increasing  load.  Polarization  was  about  500  mV  in  all  cases  at  7. 2  mA/in.2.  When 
the  load  was  returned  to  1  mA/in.2,  the  polarization  was  about  one  half  the  initial  value, 
and  during  continued  discharge  it  decreased  in  all  cases. 

In  another  effort,  a  sheet  of  plastic  0. 032  in.  thick  was  cut  to  encircle  a  2-in.  by  2-in. 
electrode  and  fastened  to  a  plate.  The  cavity  in  which  the  electrode  grid  was  placed 
was  filled  with  dispersed  lithium  (50%  Li  by  weight  in  hydrocarbon  solvent,  particle 
size  lOOp  or  less),  using  a  plastic  trowel.  A  uniform  distribution  was  not  achieved 
because  of  the  characteristics  of  the  suspension,  but  the  assembly  was  bagged  in 
polyethylene  and  the  electrode  was  pre.  sed  at  30T,  7.5  T/in.2  outside  the  glove  box 
and  returned  to  the  box  for  removal.  The  bottom  of  the  fixture  was  protected  from 
the  lithium  with  adsorbent  paper  and  the  punch  face  with  polytetrafluoroethylene  film 
during  the  pressing.  The  surface  of  the  electrode  was  smooth  after  pressing  and  was 
brightly  metallic,  but  the  grid  was  distorted.  The  electrode  was  trimmed  to  2-iu. 
by  2-in.  and  assembled  in  a  bag-type  ceil.  Its  operation  in  the  cell  was  very  similar 
to  that  of  sheet  lithium  electrodes.  Although  actual  polarization  measurements  were 
not  taken,  on  this  electrode,  it  appears  that  electrodes  prepared  from  dispersions  are 
usable.  Whether  fabrication  of  large  electrodes  by  this  technique  will  be  more  feasible 
than  the  use  of  sheet  lithium  remains  to  be  shown  by  further  tests. 

Spraying  of  lithium  dispersion  was  also  investigated  as  a  method  of  preparing  large 
area  lithium  anodes.  Only  low  metal  concentration  dispersions  could  be  sprayed,  but 
the  low  concentration  of  lithium  metal  in  these  dispersions  necessitated  large  spraying 


*H.  F.  Bauman,  Limited- Cs^cle  Secondary  Battery  Using  Lithium  Anode,  Final  Report, 
Contract  No.  AF  33(657j-11709,  Lockheed  Missiles  &  Space  Company,  Palo  Alto 
Calif.,  1964. 


34 


times,  and  the  gun  became  clogged  before  an  appreciable  deposit  of  lithium  was  obtained. 
As  the  proper  viscosity  and  particle  size  range  of  the  dispersion  required  for  a 
successful  spraying  method  are  essentially  empirical  and  are  limited  by  the  mechanical 
properties  of  the  apparatus,  a  lengthly  experimental  program  appears  to  be  necessary 
before  spraying  can  be  effectively  used  as  a  method  of  electrode  preparation. 

To  investigate  another  method  of  electrode  preparation,  a  device  was  assembled  for 
preparing  anodes  by  coating  metal  grid  with  lithium  dispersion  and  then  removing 
vehicle  liquid  by  vacuum.  A  template  of  depth  equal  to  the  desired  electrode  thick¬ 
ness  was  positioned  on  the  bottom  of  a  Buchner  funnel.  In  the  first  trial,  commercial 
dispersion  was  used  in  as- received  condition,  but  this  proved  to  be  too  thick,  due  to 
rapid  separation,  for  easy  even  deposition,  and  best  results  were  obtained  with  a  1:1 
mixture  of  dispersion  and  hexane,  deposited  with  a  large-bore  (3/32-in.  needle) 
syringe.  The  deposited  lithium  may  also  be  washed  with  propylene  carbonate  and  the 
PC  removed  by  vacuum  before  pressing.  A  trial  anode  prepared  by  this  method  on 
4/0  nickel  X-inet  and  pressed  at  /arious  pressures  indicated  that  prepressing  of 
more  than  500  lb/in.2  is  needed  to  handle  the  anode  in  preparation  with  minimal  danger 
of  deposited  lithium  shifting  on  the  backing,  and  that  welding  of  the  lithium  occurs 
at  approximately  2,000  lb/in.2. 

Jt  is  evident  that  sheet  lithium  and  pressed  lithium  dispersion  have  about  the  same 
polarization.  Extremely  light  pressing  or  the  addition  of  another  component  (e.  g. , 
nickel)  with  the  lithium  might  give  reduced  polarization.  Utilization  values  have  not 
been  obtained.  Of  the  methods  tried  for  making  a  dispersion  electrode,  the  filter 
cake  method  appears  to  be  the  simplest  and  most  easily  controlled. 


2.4  COBALT  TRIFLUORIDE  CATHODE  STUDY  AND  CELL  TESTS 


2.4.1  Polarographic  Study  of  Cobaltic  Fluoride 


The  study  of  reactions  of  C0F3  as  a  cathodic  material  is  of  interest  in  establishing  the 
reaction  path,  the  reversibility  of  electrode  reactions,  and  reactant-electrolyte  inter¬ 
actions.  A  polarographic  study  of  the  reduction  of  cobalt  salts  was  conducted  by  the 
use  of  a  Sargent  Model  XV  Recording  Polarograph  with  a  rotating  platinum  microelec- 
torde  for  the  working  electrode.  The  reference  electrode  was  constructed  from  a 
silver  screen  winch  was  suspended  in  one  chamber  of  a  hj'drogen  cell  and  connected 
to  the  other  chamber  containing  the  platinum  microelectrode  by  a  tube  with  a  glass  frit. 
After  introduction  of  the  electrolytes  into  the  hydrogen  cell,  oxygen  was  removed  from 
the  working  electrode  chamber  by  bubbling  argon  through  the  system,  and  a  slow 
stream  of  argon  was  used  during  the  polaro&raphic  run  to  prevent  resolution  of  oxygen 
or  water.  An  oxygen  reduction  peak  was  found  at  -0. 33  V  for  the  1M  NaPFg- dim  ethyl 
sulfoxide  electrolyte  used,  which  was  removed  by  argon  bubbling. 


The  studies  were  performed  with  dimethyl  sulfoxide  (DMSO),  since  it  is  superior  to 
propylene  carbonate  as  a  solvent  fer  ionic  salts.  Solutions  of  C0F3  and  C0CI2  v'ere 
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prepared.  The  C0F3  as  received  was  a  brown  powder  which  formed  a  pink  solution  in 
DM  SO,  although  of  very  low  solubility.  The  C0CI2  hydrate  was  dehydrated  with  thionyl 
chloride  to  form  a  dark  blue  powder.  A  0. 03  mole-solution  in  DM30  was  of  a  deep 
blue  color. 


The  solubility  of  C0CI2  was  determined  by  titraiion  of  chloride  ion  by  the  modified 
Volhard  technique.  C0F3  also  reacts  with  potassium  iodide  to  form  iodine;  however, 
none  was  found  in  soluble  form,  and  the  pink  color  of  the  C0F3-DMSO  solution  is  due  to 
Co+2- water  impurity.  Addition  of  water  to  the  C0CI2-DMSO  solution  changed  the  color 
of  the  solution  from  blue  to  pink.  Addition  of  LiF  powder  to  CoF3-DMSO  solution  .id 
not  increase  the  solubility  of  the  Co  species,  indicating  no  stable  fluoride  ion  complex 
compound  formation  in  the  system.  The  dimethyl  sulfoxide  used  in  solution  preparation 
was  vacuumed  distilled  and  had  a  specific  conductivity  of  5  x  10"7D-1cm"l.  The  base 
electrolyte  was  formed  by  addition  of  NaPFe  to  DMSO,  forming  a  1-mole  solution.  The 
final  electrolyte  contained  traces  of  water,  either  from  the  NaPFe  or  absorbed  during 
makeup.  The  results  of  the  polarographic  tests  are  summarized  in  Taole  X. 

Table  X 

POLAROGRAPHIC  TEST  DATA  OF  COBALT  SALTS 
Cell:  Ag,  Ag+  j  NaPFg~DMSO  j  Platinum  Microelectrode 


Half-wave  potential  Electrons/mole  reaction 


Material 

E  1/2 

n 

Waves 

C°F3 

None  obtained 

- 

— 

CoCl2 

0.02 

2 

One,  diffusion  current  id 
proportional  to  concentra¬ 
tion 

The  number  of  electrons  per  mole  of  reaction  was  calculated  from  the  polarographic 
voltage-current  curves  by  the  following  expression  for  a  reversible  wave: 


Ei=3/4  ia  “  Ei=l/4  id 


0,056 

n 


No  waves  were  obtained  with  the  C0F3  system,  since  it  was  not  soluble  in  either  the 
DMSO  or  T  '.F-DMSO  solutions.  A  reversible  reduction  wave  was  obtained  for  C0CI2, 
irdicating  a  reaction  to  form  cobalt  metal. 
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2.4.2  Lithium- Cobal tic  Trifluoride  Cell  Tests 


A  cell  composed  of  lithium  metal  and  cobalt  trifluoride  has  beei  of  interest  to  the 
high-energy  density  nonaqueous  battery  program  because  of  its  high  values  of  theoreti¬ 
cal  energy  density  (940  W-hr/lb)  and  high  theoretical  cell  voltage  (3.5  V).  These 
values  were  obtained  by  assuming  the  reaction  to  be  the  production  of  cobalt  metal 
and  lithium  fluoride.  A  summary  of  possible  reactions  of  the  cobalt  fluorides  with 
lithium  is  presented  in  lable  XI. 


Table  XI 

REACTIONS  OF  LITHIUM  AND  COBALT  FLUORIDES 


Reaction 

Standard  Free- 
Enerpv  Change 

Theoretical 
Energy  Density 

Theoretical 
Cell  Voltage 

(1) 

3Li  +  CoFg  =  3  LiF  +  Co 

-244. 1 

940 

3.54 

(2) 

2  Li  +  CoF2  =  2  LiF  +  Co 

-131.0 

620 

2.84 

(3) 

Li  +  CoF0  »  LiF  +  CoF0 

u  C* 

-113.1 

484 

a  or. 

1  «  X/  V/ 

(4) 

Co  +  2CoF3  =  3CoF2 

-  95.2 

214 

2.06 

Cobalt  trifluoride  has  been  found  to  be  essentially  insoluble  in  propylene  carbonate 
solutions  of  NaPFg  and  PC  solutions  saturated  with  LiF.  Tests  of  the  solubility  of 
C0F3  in  nitromethane  and  in  dimethyl  sulfoxide  indicate  that  Co+3  solubility  is  below 
the  detection  pohu  ^  reaction  with  potassium  iodide.  The  analytical  procedure  for 
the  determination  of  C0F3  is  based  on  the  following  reaction: 

2CoF3  +  3KI  =  2CoF2  +  KIg  +  2KF 

The  iodine  which  is  formed  is  determined  conveniently  by  titration  with  e'-mdard 
sodium  thiosulphate  with  a  soluble  ..  "arch  endpoint.  Experimental  cpIIs  ha>Te  been 
formed  with  lithium  anodes  prepared  by  rolling  lithium  metal  onto  nickel  or  silver 
screen,  and  with  C0F3  cathodes  pasted  on  silver  or  nickel  expanded  metal  with 
acetylene  black  or  coba’t  metal  powder  for  electronic  conduction.  The  pasting  has 
been  done  either  with  toluene  or  with  propylene  carbonate  without  use  of  a  bidder. 
Ceils  were  formed  widi  two  lithium  electrodes  placed  around  a  single  cobalt  fluoride 
electrode  and  with  glass  fiber  mat  separators  around  each  electrode.  A  reference 
electrode  composed  of  lithium  formed  on  metal  screen  was  inserted  between  the 
lithium  and  C0F3  electrodes.  The  cells  were  placed  in  a  polyethylene  container,  the 
electrolyte  added  (1-mole  pi ooylene  carbonat.e-NaPFg  solution),  and  the  cells  _  m- 
press  -d  with  plastic  blocks.  The  runs  were  conducted  in  an  argon  atmosphere  dry 
box  in  order  to  min/mize  the  inclusion  of  water.  The  results  of  the  cell?  tests  are 
summarized  in  Table  XII. 
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Table  XII 


LITHIUM- COB ALTIC  TRIFLUORIDE  CELL  TESTS 


♦Reference  to  cathode. 


Each  cell  contained  electrodes  prepared  with  90%  C0F3  +  10%  acetylene  black,  except 
for  cell  131  which  was  prepared  with.  66%  C0F3  +  33%  Co  powder.  The  electrodes  used 
in  cells  129  through  1S1  were  pasted  with  a  dried  toluene  vehicle,  vacuum  dried  at 
100°  C  to  remove  toluene,  and  finally  heated  over  argon  at  200°  C.  The  electrodes  used 
in  cells  136  and  137  were  prepared  with  vacuum-distilled  propylene  carbonate  as  the 
vehicle  for  pasting  and  used  in  the  cell  without  drying.  The  efficiency  of  the  cathodes 
was  calculated  from  the  ratio  of  the  AH  capacity  obtained  above  2  V  to  the  amount  of 
the  C0F3  in  the  electrode  expressed  in  ampere  hours  for  two  equivalents  per  mole 
reaction.  The  final  OCV  of  cells  after  the  run  was  initially  1,0  V  and  rose  to  2. 6  V 
after  a  72-hr  stand.  For  purposes  of  die  efficiency  calculations,  it  was  assumed  that 
the  ceils  spontaneously  reacted  C0F3  with  formed  Co  to  make  C0F2  and  electrochemi- 
oaily  reacted  the  C0F2  to  form  the  final  Co  metal  product.  In  all  cases  except  131, 
in  which  no  test  was  made,  the  existence  of  cobalt  metal  as  an  end  product  was  demon¬ 
strated  by  the  presence  of  magnetic  black  solid  material  which  was  separated  from  the 
electrodes  after  the  run. 

Analysis  of  extra  electrodes  prepared  with  those  which  were  run  in  the  cells  indicated 
that  loss  of  CoS' 3  occurred  during  the  forming  and  drying  operations.  C0F3  is  reactive 
with  traces  of  water,  forming  the  CoF2,  HF,  and  oxygen.  The  initial  open  circuit 
voltages  of  3. 5  V  measured  indicate  that  reaction  (1)  could  occur.  However,  on 
passage  of  current  and  formation  of  cobalt  r»»tal,  the  cell  potentials  fall  to  2.4  V  or 
lesB  and  after  run  rise  to  2. 6  V,  a  value  close  to  that  which  would  be  expected  from 


reaction  (2).  This  sequence  of  cell  potentials  could  be  due  to  the  spontaneous  reaction 
of  C0F3  with  Co  as  outlined  by  reaction  (4)  and  the  following  electrochemical  reaction 
of  C0F2  to  form  more  cobalt  metal  as  a  final  product.  The  fact  that  no  observation  of 
cells  with  4.9  V  has  been  made  indicates  that  reaction  (3),  the  electrochemical  reaction 
of  lithium  and  C0F3  to  form  C0F2,  does  not  occur.  These  studies  have  been  conducted 
with  cells  run  at  constant  current,  and  observations  of  the  cobalt  trifluoride  electrode 
voltage  versus  lithium  reference  have  been  made  as  a  function  of  time. 

Additional  cell  tests  were  made  with  cobaltic  fluoride  cathodes  with  silver  flake,  cobalt 
metal  powder,  and  acetylene  black  as  conductive  additives  to  the  cathode  powder.  All 
cathode  powders  contained  70%  C0F3  and  30%  additive  and  were  ball  milled  for  4  hr. 

The  dry  powder  containing  silver  flake  was  made  into  a  paste  with  propylene  carbonate, 
and  the  other  two  compositions  were  mixed  with  NaP F 6~pr opylene  carbonate  electro¬ 
lyte  to  form  a  paste.  The  wet  paste  was  spread  cn  nickel  expanded  metal  grids  when 
cobalt  metal  was  the  addition  and  on  silver  expanded  metal  grids  when  acetylene 
black  or  silver  flake  were  added.  Cells  were  constructed  with  the  undried  cathode, 
sheet  lithium  anodes,  and  glass  fiber  paper  separator  in  triple-laminated  polyethylene- 
aluminum  foil-Mylar  bags.  A  bag-type  cells  is  shown  in  Figure  29.  NaPFg-propylene 
carbonate  electrolyte  was  added,  and  the  bags  were  heat  sealed  through  the  electrode 
tabs.  The  cells  were  discharged  in  series  at  a  4  ma  (1  m a/in. 2)  rate  with  the  discharge 
curves  shown  in  Figure  7.  No  long  sustained  discharges  were  obtained,  and  it  is  not 
clear  whether  there  is  reaction  between  the  C0F3  and  the  conductive  additive,  or 
whether  the  differing  voltages  simply  reflect  differing  polarization.  Similar  cells  with 
cathodes  containing  silver  flake  as  an  additive  and  NaPF6-PC  were  discharged  at 
0.32  ma/in.2  in  a  100° F  constant- temperature  chamber.  An  extended  discharge, 
shown  in  Figure  3,  was  obtained  at  about  the  3. 0-V  level. 

Figure  8  also  shows  the  discharge  curves  of  cells  with  filter  cake  cathodes  and  1-mole 
UCIO4-PC  electrolyte.  The  cathodes  were  prepared  from  80%  C0F3,  10%  graphite 
fiber  prepared  from  chopped  graphite  cloth,  3%  graphite  flake,  and  4%  acetylene  black. 
The  dry  ingredients  were  mechanically  mixed  in  a  blender  with  propylene  carbonate 
and  then  filtered  cn  a  rectangular  filter.  The  cake  was  sandwiched  in  a  U-folded 
expanded  nickel  grid  and  assembled  in  bag-type  cells  without  further  drying.  Cells 
were  discharged  at  0.3  and  1.5  ma/in.2.  The  discharge  curves  shown  in  Figure  1 
have  two  plateaus  at  the  low  rate  at  3. 1  to  3. 25  and  2. 3  to  2, 6  V.  At  the  high  rate, 
a  somewhat  erratic  but  rapid  drop  in  voltage  occurred  to  somewhat  of  a  plateau  at 
about  2.5  V.  There  was  approximately  4. 0  gm  of  C0F3  in  the  cathodes  of  these  cells, 
which  were  uiudmigcu  at  2.4  and  12  ma,  respectively  (two  sides  of  a  2  by  2  electrode). 
This  was  equivalent  to  2.7  A-hr  per  electrode  or  about  15%  utilization  at  the  lowest 
current  density  and  23. 5%  utilization  at  1. 5  ma/in.2  to  a  2,  0-V  endpoint  for  the  cell. 

Bag-type  Li-CoF3  cells  with  NaPFg-butyrolactone  electrolyte  discharged  at  laboratory 
ambient  temperature  at  0. 25  ma/in.2  showed  a  cyclic  voltage  change  between  3.0  V 
to  2.5  V,  which  was  evidently  the  result  of  temperature  change.  This  indicates  consi¬ 
derable  temperature  sensitivity  of  the  possible  cell  reactions  and  the  polarization 
involved  in  these  reactions. 
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Figure  7  Cell  Tests  With  Cobaltic  Trifluoride  Cathodes 
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Figure  8  Discharge  of  Lithium  Cobaltic  Trifluoride  Ceils 


2.5  CUPRIC  FLUORIDE  CATHODE  STUDY  AND  CELL  TESTS 
2.5.1  Polarographic  study  of  Cupric  Fluoride  and  Chloride 

Using  the  techniques  discussed  in  subsection  2.4. 1  a  polarographic  study  was  made  of 
CuF2  and  CuCl2.  The  CuF2  was  used  as- received  and  was  a  grey-white  powder  which 
formed  a  light  blue- green  solution  in  DMSO  and  had  a  concentration  of  0.07  mole  when 
saturated.  The  CuCl2  was  prepared  as  a  golden  brown  powder  by  reaction  of  the 
hydrate  with  thionyl  chloride.  Its  solution  in  DMSO  was  yeliow-gresn  and  contained 
0. 15  mole  of  the  salt  when  saturated.  The  concentration  of  soluble  copper  species  was 
determined  by  reaction  with  potassium  iodide  and  titration  of  the  resulting  iodine  with 
standard  sodium  thiosulfate  solution.  A  summary  of  polarization  data  obtained  with 
these  solutions  is  shovm  in  Table  XIII. 

Table  XIII 

POLAROGRAPHIC  TEST  DATA  OF  CUPRIC  SALTS 
Cell:  Ag,  Ag+|  NaPFg-DMSO  j  Pt  Microelectrode 


Material 

Half-wave  potential 

E  1/2 

Electrons/mole  reaction 
n 

Waves 

CuF. 

0.24 

1 

One,  id  proportional  to 

concentration 

CuCl„ 

0.05, 

1,  1 

Two,  id  proportional  to 

0.45 

concentration 

Two  polarographic  waves  were  noted  in  the  reduction  of  CuCl2  to  form  copper  metal 
(visually  observed  on  the  platinum) .  Each  wave  was  reversible  with  a  single  electron 
transfer.  Aqueous  cells  with  copper  ions  - Ag+ 1  Cu+2,  Cu°  and  Ag,  Ag4  j  Cu+*t  Cu° 
yield  theoretical  voltages  of  0.46  and  0.  28  V,  respectively,  which  are  close  to  the 
values  measured  for  half-wave  potential  for  iheCuCl2-DMSO  system,  0.45  and  0.05  V, 
respectively.  Two  waves  may  be  obtained  for  CuCl2  systems  if  CuCl  is  a  stable 
compound  and  does  not,  disproportionate.  The  following  reactions  are  not  thermo¬ 
dynamically  feasible: 


2CuCi  —  CuCl0  +  Cu°  AF  =  +15  kcal/mole 

c  2c 

2  CuCl  -  Cu+2  +  2C1"  +  Cu°  AF  =  +10  kcal/mole 

c  aq  aq 

Only  one  polarographic  wave  was  obtained  from  the  polarographic  reduction  of  CuFg 
to  form  (visible) copper  metal.  If  the  reduction  were  reversible  with  one  electron 
exchanged  per  mcle  of  reaction,  then  cuprous  fluoride  would  be  formed  and  by 
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spontaneous  disproportionation  be  converted  into  CuF2  and  copper  metal.  This 
reaction  of  cuprous  fluoride  is  feasible  with  the  following  reactions: 


2CuF„  -  CuF9  +  Cu° 
c 

AF  =  -7  kcal/mole 

2Cu  +  -  Cu+2  +  Cu° 

AF  =  -8  kcal/mole 

and  CuF2  in  DMSO  could  react  similarly. 

If  the  single  wave  noted  for  CuF2  reduction  is  considered  to  be  an  irreversible  wave, 
the  following  voltage- current  depc  •'dent  equation  is  applicable: 

v  -  v  =  0-054 

i=3/4  id  i=l/4  id  cm 

where  a  is  the  electron  transfer  coefficient  (usually  0.05).  An  an  value  of  1  would 
indicate  an  n  value  of  2  for  an  a  value  of  0. 5,  and  the  reduction  of  CuF2  in  DMSO  to 
form  copper  metal  would  be  represented  as  irreversible.  Irreversible  polarographic 
waves  are  obtained  when  the  rates  ofthe  forward  (cathodic)  and  reverse  reactions  are 
appreciably  different,  the  reverse  rate  being  very  small. 

Which  mechanism  is  operable  for  CuF2  reduction  is  not  apparent  from  polarographic 
data  which  have  been  taken.  If  CuF2  were  reversibly  reduced  to  CuF  with  a  subsequent 
reaction  to  form  Cu°  and  CuF2,  then  CuF2  would  be  a  preferred  electrode  material 
since  a  cell  using  CuF2  would  have  a  single  discharge  potential. 

A  study  of  polarization  obtained  with  solid  electrodes  is  necessary  to  determine  if 
reversible  reduction  occurs  with  cathodic  materials  which  are  insoluble  in  selected 
electrolyte. 

2,5.2  Cells  Tests  With  Cathode  Formulation  and  Processing  Differences 

All  the  cells  with  reported  results  were  assembled  in  plastic-bag  cells.  This  type 
of  cell  was  simple  to  assemble  and  required  no  machine  parts.  It  evolved  frem  a 
polyethylene  bag,  with  the  terminal  tabs  sealed  in  place  with  polypropylene  wax,  to 
the  type  used  for  the  majority  of  the  tests  which  consisted  of  a  polyester-aluminum- 
polyethylene  laminated  bag  with  the  electrode  tabs  neat  sealed  in  place.  A  typical 
cell  is  shown  in  Figure  29 . 

The  first  attempts  to  make  cupric  fluoride  cathodes  with  low  polarization  and  high 
utilization  were  concerned  with  pasted  electrodes,  which  were  subsequently  dried  and 
baked.  The  electrodes  were  pasted  and  then  placed  ii.  an  electrode  container  which  was 
removed  from  the  dry  box  to  a  furnace  for  further  processing.  The  electrode  container 
itself  is  an  Inconel  pot  with  a  removable  O-ring  sealed  cover  which  has  a  removable 
water  cooling  coil  to  protect  the  O-ring  from  elevated  temperatures.  The  container  is 
of  a  size  to  allow  it  to  be  passed  into  the  dry  box  for  loading  and  unloading.  The  equip¬ 
ment  used  for  cathode  baking  is  shown  in  Figure  9 . 
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A  series  of  cell  tests  were  made  to  evaluate  the  effect  on  cupric  fluoride  cathodes  of 
the  drying  and  baking  sequence  after  pasting.  The  cells  consisted  of  single  2  in.  by 
2  in.  lithium  anodes  and  cathodes  assembled  with  glass  paper  separators  in  poly¬ 
ethylene  bags.  The  electrolyte  was  a  0.8-mole  solution  of  NaPFg  in  propylene 
carbonate.  The  cathodes  for  all  cells  were  prepared  similarly  from  a  ball  milled 
mix  of  70%  CuF2  and  30%  silver  flake  which  was  set  with  dry  toluene  and  pasted  on 
expanded  copper  metal.  The  cathodes  were  placed  in  the  oven  retort  and  vacuum 
dried  at  100°  C  for  30  min,  followed  by  a  higher  temperature  in  flowing  argon  for  60 
min.  After  cooling,  the  electrodes  were  assembled  in  cells  and  series  discharged  at 
1  ma/inr  until  below  2  V/cell.  A  summary  of  the  results  is  shown  in  Table  XIV. 

Table  XIV 

EFFECT  OF  BAKING  TEMPERATURE  ON  CUPRIC  FLUORIDE  CATHODES 


Cell  No. 

Baking  Temperature 
(for  60  min) 

Open- Circuit 
Voltage 

Discharge  Time 
(hr)  to  2.0V 

146  -  149 

200°  C 

3.23-3.30 

5-75 

153-155 

250°  C 

3.48-3.50 

<  5 

156-159 

300°  C 

3.48-3.54 

<  5 

These  tests  indicate  that  the  higher  baking  temperatures  drastically  reduce  discharge 
time,  possibly  because  of  reaction  between  residual  toluene  and  the  copper  fluoride. 
There  was  some  indication  from  polarographic  studies  previously  made  that  mixtures 
of  CUF2-C0F3  might  have  better  discharge  characteristics  than  a  single  oxide. 

Cathodes  prepared  from  ball- milled  69%  CuF2,  1%  C0F3,  26%  silver  flake,  and  3% 
acetylene  black  were  wet  with  toluene,  pasted  on  copper  expanded  metal,  and  dried 
30  min  in  vacuum  at  100°  C  and  60  min  at  200°  C  in  flowing  argon.  These  cathodes 
were  assembled  with  lithium  anodes  and  glass  paper  separators  in  pol;  thylene  bag 
cells  and  discharged  at  1  ma/in.2.  The  discharge  curve  of  these  cells  {143,  144,  145) 
is  shown  in  Figure  10.  The  periodic  rise  and  fall  of  voltage  in  Figure  5  may  be  the 
result  of  temperature  changes  in  the  laboratory  as  it  follows  a  24-hr  cycle,  although  the 
first  increase  in  voltage  after  the  initial  drop  had  been  experienced  previously  with 
similar  cells.  The  voltage  of  these  cells  was  measured  with  a  digital  voltmeter  with 
a  paper-tape  printout.  A  Weston-type  standard  cell  did  not  show  a  fluctuation  in  open- 
circuit  voltage  readings  on  the  instrument  during  similar  discharges,  indicating  that 
the  voltage  change,  if  thermally  instigated,  was  the  result  of  the  temperature  coefficient 
of  the  cell  rather  than  being  caused  by  the  recording  instrumentation. 

Cathodes  were  prepared  for  cell  tests  from  a  70%  CuF2  -  30%  silver  flake  mix  which 
was  hand  blended  and  then  wet  with  propylene  carbonate  for  pasting  on  copper  ex¬ 
panded  metal  grids.  These  cathodes  were  assembled  in  cells  similar  to  those  pre¬ 
viously  described  without  further  drying.  The  results  of  these  cell  tests  (151,  152) 
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Figure  10  Dischitrge  Test  of  Cells  With  Cupric  Fluoride  Cathodes  Containing  Cobaitic  Tri£  oride 


are  shown  in  Figure  11.  This  was  the  first  time  that  extended  discharges  had  been 
obtained  at  1  ma/in.2  above  3.0  V. 

A  series  of  cells  was  assembled  and  discharged  to  obtain  comparative  values  for 
the  effect  of  ball  milling  versus  hand  mixing  of  cathode  powder,  backed  cathodes 
versus  undried  cathodes,  and  the  addition  of  1%  C0F3  to  the  cathode  mix.  Cathode 
powder  mixes  in  the  first  four  groups  were  wet  with  toluene  and  pasted  on  copper 
expanded  metal.  The  groups  were  alternated  in  the  drying  retort  and  dried  in 
vacuum  for  30  min  at  100°  C  and  in  flowing  argon  for  60  min  at  200°  C.  The  last 
four  cell  groups  were  pasted  with  propylene  carbonate  and  used  undried. 

Table  XV  lists  the  cathode  variables  introduced  in  fabrication  and  the  time  to  a  2.0-V 
endpoint  when  the  ceils  were  discharged  at  1  ma/in.2  constant  current.  All  cells  were 
assembled  with  a  single  2  in.  by  2  in.  cathode  and  rolled  lithium  anode  with  glass-fiber 
paper  separator  and  0.8-moie  NaPFg-propylene  carbonate  electrolyte  in  plastic-bag 
cells.  The  test  results  indicate  that  ball  milling  is  advantageous,  particularly  with 
baked  cathodes,  a  slight  improvement  on  this  test  for  baked  cathodes,  and  a  general 
superiority  of  cathodes  prepared  from  mixes  containing  1%  C0F3. 

In  the  next  test  groups,  the  proportion  of  CuF2  in  the  cathode  mix  was  increased  to 
80%  and  a  comparison  made  between  silver  flake  and  copper  powder  as  conductive 
additives  to  the  cathode  mix  and  the  effect  of  the  addition  of  1%  C0F3.  All  cells  were 
pasted  with  propylene  carbonate  and  assembled  undried.  The  three  cathode  powder 
compositions  tested  contained  the  following: 

•  80%  CuF2  and  20%  silver  flake 

•  79%  Q1F2,  1%  C0F3  and  20%  silver  flake 

•  80%  CuF2  and  20%  Cu  powder 

One  cell  group  from  each  cathode  lot  was  discharged  at  1  ma/in.2  constant  current 
and  another  lot  discharged  for  periods  of  time  at  higher  current  densities.  Ail  dis¬ 
charges  were  made  with  a  series-type  constant- current  regulator. 

In  these  tests,  there  were  inconsistent  results  within  a  group.  None  of  the  cells  with 
copper  powder-CuF2  cathodes  discharged  more  than  a  few  hoe rs .  Some  of  the  cells 
which  had  extended  discharges  (>  50  hr)  dropped  below  1.0  V  initially  and  then  recov¬ 
ered  normal  voltage  in  5  to  10  hr.  The  best  individual  cel  .s  from  the  first  two  groups 
had  27%  CuF2  utilization  to  2.  5  V  ar  1  32%  utilization  to  2.0V.  The  same  cells  delivered 
20  and  21.8  W-hr/lb  to  the  respective  endpoints. 

A  group  of  cells  identical  to  the  previous  group  was  assembled  and  placed  on  open 
circuit  for  39  hr  before  discharge  under  lc^.o  vras  initiated.  During  this  time,  open- 
circuit  voltage  dropped  from  3  41  -  3, 51  for  ail  groups  to  3. 20  -  3. 25.  These  cells 
were  discharged  with  a  varied  load  pattern  to  establish  voltage  levels  at  different 
current  densities  and  recovery  of  open- circuit  voltage. 
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Figure  11  Test  of  Cells  Assembled  With  Undried  Pasted  Cupric  Fluoride 
Cathodes 
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Table  XV 


CELL  TEST  OF  CATHODE  VARIABLES 


Cell  No. 

Cathode 

Composition 

Powder 

Preparation 

Cathode 

Preparation 

Discharge  Time 
to  2.0  volts 
at  1  ma/in,2 

164  -166 

69%  CuF2 

1%  CoF3 

27%  Silver  Flake 

3%  Acetylene  Black 

Ball  Milled 

Baked 

60,  110,  110  hr 

167  -  169 

70%  CuF2 

27%  Silver  Flake 

3%  Acetylene  Black 

Ball  Milled 

Baked 

115,  65,  95  hr 

170  -  172 

69%  CuF2 

1%  C0F3 

27%  Silver  Flake 

3%  Acetylene  Black 

Hand  Blend 

Baked 

<5,  <5,  5  hr 

173  -  175 

70%  CuF2 

27%  Silver  Flake 

3%  Acetylene  Black 

Hand  Blend 

Baked 

<5,  <5,  <5*  hr 

176  -  178 

69%  CuFo 

1%  C0F3 

27%  Silver  Flake 

3%  Acetylene  Black 

Ball  Milled 

Undried 

80  hr 

179  -  181 

70%  CuF2 

27%  Silver  Flake 

3%  Acetylene  Black 

Bali  Milled 

Undried 

<72  hr 

182  -  184 

69%  CuF2 

1%  C0F3 

27%  Silver  Flake 

3%  Acetylene  Black 

Hand  Blend 

Undrjed 

30  -  72  hr 

185  -  187 

70%  CuF2 

27%  Silver  Flake 

3%  Acetylene  Black 

Hand  Blend 

Undried 

>2  hr 

^Dropped  to  i.  89,  reached  2. 02  after  25  hr  aim  then  chopped. 
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Of  the  nine  cells  in  this  group,  only  one  had  an  immediate  voltage  drop  with  no  recovery. 
All  other  cells  had  appreciable  discharges.  Another  cell  of  the  same  composition  had 
the  highest  consistent  voltage,  with  over  90%  of  its  discharge  at  1  ma/in.^  above  2.95  V. 
This  cell  had  22%  CuF2  utilization  above  2,95  V  (24%  above  2.500).  The  longest  dis¬ 
charge  was  at  a  2.5-V  ave.age  for  the  1  ma/in.2  level  during  the  discharge  following 
initial  step  discharges.  This  cell  had  37%  CX1F2  utilization  to  the  2.0-V  level  and 
delivered  25.6  W-hr/lb  of  total  cell. 

Cathodes  were  prepared  with  2%  LiF  added  to  the  cathode  mix;  the  purpose  oi  the 
addition  was  to  establish  an  earlier  electrode  equilibrium  during  discharge  by  having 
the  cell  reaction  product  already  in  place.  The  assumed  overall  cell  reaction  is  2  Li  + 
CuF2  —-2  LiF  +  Cu,  with  the  LiF  being  formed  at  the  cathode.  This  would  occur 
because  of  the  insolubility  of  the  F~  ion  and  its  consequent  reaction  with  the  Li+  ion  at 
the  cathode.  It  was  also  hoped  that  the  cell  open-circuit  voltage  would  De  reduced  to 
3.3  V,  which  is  the  open-circuit  potential  of  discharging  cells.  This  would  improve 
the  voltage  regulation  between  open-circuit  and  load  conditions  of  a  battery.  However, 
initial  open-circuit  voltages  were  about  3.5  and  the  cell  voltages  dropped  rapidly  under 
load.  The  reason  for  the  inability  of  these  cells  to  sustain  load  is  not  clear. 

One  cause  of  large  voltage  losses  in  a  cell  during  discharge  is  high  resistance  contact 
between  the  cathodic  material  and  the  metal  electrode  grid.  To  find  the  magnitude  of 
this  internal  resistance  for  the  whole  cell,  a  bag  cell  with  79%  CuFg,  1%  C0F3,  and 
20%  silver  flake  cathode  and  0.8-mole  NaPFg-propylene  carbonate  electrolyte  was 
discharged  and  transient  voltage  was  observed  on  an  oscilloscope  as  the  load  was 
switched  on  and  off.  A  solid-state  switch  was  used  which  had  about  1  Msec  turn-on  or 
turn-cff  time. 

Figure  12  is  a  block  diagram  of  the  apparatus  used  to  obtain  voltage-time  curves  of 
a  cell  on  current  turn-on  and  turn-off.  Manual  operation  of  the  push  button  triggers 
the  scope  trace  and  time  delay  generator.  After  a  time  interval  which  has  been  preset 
on  the  tine  delay  generator,  the  pulse  generator  is  triggered  and  alters  the  state  of 
the  flip  lop.  The  flip-flop  output  controls  the  current  switch  such  that  when  the  flip- 
flop  is  in  the  "one”  state  the  cell  current  is  on  and  when  the  flip-flop  is  in  the  "zero" 
state  the  cell  current  is  cut  off.  The  cell  voltage  is  applied  to  the  upper  beam  and  a 
voltage  proport’ onal  to  the  cell  current  is  applied  to  the  lower  beam  of  the  dual-beam 
scope.  Thus,  repeated  operation  of  the  push  button  will  alternately  switch  the  cell 
current  on  and  off,  and  the  time  delay  allows  the  scope  trace  to  show  the  cell  voltage 
in  the  previous  state  as  well  as  the  transient  due  to  the  switching. 

The  major  voltage  change  was  a  relatively  show  phenomenon,  as  shown  on  Figure  13. 
Photographs  taken  at  a  sweep  rate  of  5  pse c/cm  showed  substantially  the  same  quanti¬ 
tative  rapid  drop,  attributed  to  ohmic  resistance,  as  those  taken  at  a  sweep  rate  of 
5  msfid/om  Thp  ohmic  resistance  observed  w?.s  similar  to  that  observed  by  sc 
resistance  measurements,  5  to  10  ohm.  This  corresponds  to  10  to  20  mV  at  these 
currents  and  is  a  relatively  small  factor  in  loss  of  voltage.  The  longer  time  voltage 
changes  may  be  attributed  to  concentration  polarization  dependent  upon  diffusion  of 
ions  to  the  active  surface  of  the  electrode,  or  to  effects  within  the  electrodes. 
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CELL  368 

Cathode:  79  CuF^ 

ICCFg 

20  Silver  Flake 

Electrolyte:  NaPFg-Prop.  Carb. 
Separator:  Glass  Paper 
Anode:  Lithium  Sheet 
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Figure  13  Transient  Voltage  During  Current  Interruption 
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Two  ceils  were  assembled  with  reference  electrodes  lo  determine  inu.\  .dual  electrode 
polarization  during  discharge.  These  cells  had  one  anode  and  one  cathode ,  and  a 
lithium  reference  electrode  about  0.06  in.  wide  w’as  placed  between  the  working  elec¬ 
trodes.  The  cathodes  were  prepared  by  pasting  a  mixture  of  80%  CuF2  and  20%  silver 
flake  on  silver  expanded  metal.  The  cell  potential  and  working  electrode  -  reference 
potentials  dui'ing  discharge  are  shown  in  Figure  14.  In  this  case,  the  steady  decline 
of  cell  vol.age  during  discharge  was  almost  entirely  due  to  the  cathode  duriug  the  first 
50  hr,  after  which  the  anode  made  a  small  contribution.  The  reference  to  working  elec¬ 
trode  polarization  values  shown  on  the  graph  includes  a  resistive  component  because 
of  the  reference  electrode  location  midway  between  the  working  electrodes.  About  35% 
of  the  active  material  was  used  on  this  discharge,  so  the  increase  in  polarization  was 
not  caused  by  consumption  of  reactants. 


2.5.3  Cell  Tests  With  Electrolyte  Variations 

Two  groups  of  cells  were  assembled  and  tested  with  a  series  of  electrolyte  formula¬ 
tions.  One  group  had  cathodes  prepared  from  powder  containing  79%  CuF2,  1%  C0F3, 
and  20%  silver  flakes,  and  the  other  from  powder  with  the  same  composition  but  20% 
copper  flake  rather  than  silver  flake.  Both  powders  were  ball- milled  16  hr,  the  powder 
wet  with  the  appropriate  electrolyte  and  pasted  on  expanded  metal  mesh  which  was  silver 
for  t^e  silver  flake  mix  and  copper  for  the  copper  flake  mix.  The  electrolytes  used  in 
this  experiment  were  0.7-mole  NaPFg-propylene  carbonate,  and  saturated  solutions 
of  NH4PF6-dimethyl  formamide,  NaPFg-dimethylsulfoxide,  NaPFg-butyrolactone, 
NH^PFg-propylene  carbonate,  and  N aSb F g- propylene  carbonate.  The  cathodes  were 
assembled  with  lithium  sheet  anodes  rolled  on  expanded  metal  sheet  paper  separators 
in  triple-laminated  polyethylene- aluminum  foil- Mylar  bags.  The  bags  were  heat  sealed 
through  the  electrode  tabs  after  addition  of  the  appropriate  electrolyte.  NH4PF0- 
dimethyl  formamide  was  not  used  in  the  second  group  of  tests  because  of  indications  of 
reaction.  Different  current  density  profiles  were  used  for  the  two  groups  of  cells.  The 
discharge  curve  of  the  best  cell  from  each  group  of  three  is  plotted  in  Figures  15  and 
16.  Only  t..e  best  cell  is  plotted  because  of  the  inconsistency  between  individual  cell 
tests.  The  figures  can  be  used  for  some  comparison  between  electrolytes;  although 
they  cannot  be  used  for  absolute  comparison,  they  can  servo  as  a  guide  for  future  work. 


Bag-type  cells  were  also  assembled  with  propylene  carbonate  based  electrolyte  in  which 
both  anior.s  and  cations  were  changed.  The  salts  selected  were  lithium,  sodium, 
potassium,  and  benzltrimethyl  ammonium  hexafluorophosphates  and,  in  addition,  lithium 
chloroaluminate  and  perchlorate.  Duplicate  cells  were  assembled  with  a  center  lithium 
reference  electrode.  The  discharge  curves  of  typical  cells  from  these  groups  is  shown 
in  Figures  17  and  18.  Of  the  PFg"  salts,  the  LiPFg  electrolyte  cells  had  the  highest 
voltage  discharge,  but  the  0CH2(CH3)gNPFg  electrolyte  cells  had  a  sustained  discharge 
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were  progressively  poorer  as  the  anion  in  the  electrolyte  became  larger  (with  the  PFg’ 
cation).  This  agrees  with  previous  cell  tests  with  KPFq  electrolyte,  which  has  given 
consistently  poor  results.  That  these  results  were  little  influenced  by  the  resistance 
of  the  electrolyte  is  shown  in  Table  XVI  by  the  similar  values  measured  on  the  actual 
electrolytes  used  in  the  cells. 


Li-CuF0  CELL  467 


Figure  14  Discharge  of  Lithium- Cupric  Fluoride  Cell  With  Reference  Electrodes 


Electrolyte  Evaluation  With  Cathodes  Containing  Silver  Flake 
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Figure  16  Cell  Tests  for  Electrolyte  Evaluation  With  Cathodes  Containing  Copper  Flake 


Figure  17  Discharge  of  Cells  With  Different  Anions  in  the  Electrolyte 
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Figure  18  Discharge  of  Ceils  With  Different  Cations  in  the  Electrolyte 
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Table  XVJL 


SPECIFIC  CONDUCTIVITY  OF  E!  ECTItOLYTES 
USED  FOR  CEjjL  DISCHARGES 


Salt 

Solvent 

Specific  Conductivity 
(ft- 1  cirri) 

LiC104 

Propylene  carbonate 

5.7  x  i(f3 

LiAlCl, 

4 

Propylene  carbonate 

6.2  x  l(f3 

LiPF. 

6 

1  Propylene  carbonate 

6.1  x  l(f3 

NaPF. 

6 

Propylene  carbonate 

6.7  x  l(f3 

0CH2(CH3)3NPF6 

Propylene  carbonate 

7.2  x  l(f3 

KPF  * 
o 

Propylene  carbonate 

6.9  x  io_S 

*This  value  from  previously  prepared  solution. 

Cells  with  NaPFg-PC  Lave  previously  given  better  results  than  in  this  test.  Polarization 
measurements  were  made  on  these  same  cells  by  current  interruption  techniques  after 
a  few  minutes,  2  hr,  and  20  hr  of  discharge.  The  results,  as  photographed  on  the 
oscilloscope,  are  shown  in  Figure  19.  Similar  anode- reference  potential  curves  were 
obtained  for  the  alkali  metal  hexafluorophosphates  electrolytes.  Similar  cathode- 
reference  potentials  were  also  obtained  with  the  NaPFg  and  LiPFg  electrolytes. 

However,  both  the  KPFg  and  ^CH^CHglgNPFg  electrolyte  cells  showed  slower  voltage 
recovery  after  initial  discharge  as  evidenced  by  the  small  and  abrupt  voltage  change 
on  the  oscillograms  and  the  low  cell  voltage.  After  initial  discharge,  the  LiAlCl4, 
LiPFg,  and  LiClC>4  based  electrolytes  were  similar  in  showing  a  fairly  rapid  anodic 
recovery,  but  the  LiC104  electrolyte  showed  a  slower  recovering  cathode- reference 
potential.  A  much  slower  sweep  would  give  a  clearer  picture  of  the  slow  recovery, 
but  the  current  interruption  data  with  the  discharge  curves  can  be  correlated  for  the 
conclusions  as  drawn.  The  reference  electrode  on  the  LiC104  electrolyte  ceU  shorted 
during  disc. .urge,  and  no  20-hr  discharge  measurement  was  made. 

Additional  cells  were  prepared  with  LiClC>4-PC  electrolyte  and  discharged.  The 
discharge  curves  shown  in  Figure  20  show  about  twice  the  discharge  time  for  a  cell 
discharged  at  1.5  ma/in.2  compared  with  one  discharged  at  3.0  ma/in.2  for  the  same 
A-hr  capacity.  However,  additional  discharge  time  was  obtained  with  this  cell  at  a 
lower  o»rreui  uensity  for  a  totai  capacity  of  U.U4  A-hr  to  2. 0  V.  With  an  average  cell 
voltage  of  2. 75,  this  cell,  with  a  weight  of  25  gm,  delivered  45  W  hr/lb.  Utilization 
of  CuF2  was  33%  for  the  discharge  to  the  2.0-V  endpoint. 
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Li-CuFg  Cell  483 

Electrolyte  LiPFg-PC 

Upper  Trace  CuF2~Heference 
Lower  Trace  Li-Reference 
Vertical  Axis  0. 1  V/cm 
Sweep  10  msec/ cm 
Current  Turnoff 

Initial 


Alter  20 -hr  discharge 


Figure  19  Transient  Voltage  During  Current  Turn-Off 
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Li-CuFg  Cell  476 

Electrolyte  NaPF^-PC 

Upper  Trace  CuF? -Reference 
Lower  Trace  Li -Reference 
Vertical  Axis  0. 1  V/cm 
Sweep  10  msec/cm 
Current  Turnoff 

Initial 


After  2-hr  discharge 


Aftpr*  20-br  discharge 


Li-CuF2  Cell  477 

Electrolyte  0CH2(CH3)gNPF6~PC 

Upper  Trace  CuF,, -Reference 
Lower  Trace  Li-Reference 
Vertical  Axis  0- 1  V/em 
Sweep  10  msec/cm 
Current  Turnoff 


Initial 


After  2-hr  discharge 
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Figure  20  Discharge  of  Cells  With  Lithium  Perchlorate-Propylene  Carbonate  Electrolyte 


2.5.4  Cell  Tests  With  Filter  Cake  Cathodes 


Cells  were  prepared  from  cathodes  prepared  by  a  filter- cake  technique  rather  than  by 
pasting.  In  this  method,  the  CuFg  was  wet  ball  milled  in  hexane  and  added  to  a  mixture 
of  chopped  graphite  fiber  and  powdered  graphite  in  a  blender..  The  graphite  fiber  was 
obtained  by  chopping  graphite  cloth.  After  blending,  the  mixture  was  filtered  in  a 
Buchner  filter.  The  filter  cake  was  cut  to  size  and  sandwiched  in  a  U-folded  expanded 
metal  grid.  Bag-type  cells  were  assembled  and  discharged  at  4  ma/in.2  as  *>hown  in 
Figure  21.  Although  the  discharges  were  relatively  short,  these  were  the  first  sus¬ 
tained  discharges  obtained  at  this  current  density.  A  rectangular  filter  with  a  perfora¬ 
ted  bottom  4  by  6  in.  was  welded  from  aluminum  and  used  to  prepare  additional  elec¬ 
trodes.  A  similar  filter  used  to  prepare  larger  filter- cake  electrodes  is  shown  in 
Figure  22.  Typical  cells  assembled  in  a  similar  manner  from  these  electrodes  were 
discharged  as  shown  in  Figure  4. 

An  additional  cathode  mix  was  prepared  by  a  similar  process  from  60  gm  of  copper 
fluoride  which  had  been  ball  milled  for  16  hr  with  propylene  carbonate,  10  gm  of 
acetylene  black,  and  10  gm  of  shredded  graphite  fibers.  A  portion  of  the  mix  was 
poured  onto  filter  paper  and  copper  expanded  metal  electron  collector  in  the  vacuum 
filter  apparatus.  The  mix  was  washed  with  successive  portions  of  hexane  and  of  ethyl 
ether,  cut  into  2  in.  squares,  and  enclosed  by  folding  with  the  copper  electron 
collector.  The  composite  cathode  was  wrapped  with  glass  fiber  separator  and  placed 
in  a  cell  with  a  single  rolled  lithium  sheet  anode.  The  electrolyte  used  in  these  tests 
was  0.7-mole  NaPFg  in  propylene  carbonate.  Runs  were  made  at  currents  from  96 
m?  to  4  ma,  and  the  variation  of  cell  voltage  with  cell  capacity  in  milliampere-minutes 
is  presented  in  Figure  23.  The  rune  at  4  ma  or  1  ma/em2  current  density  had  an 
efficiency  of  37%  for  reaction  at  one  electrode  face.  The  results  presented  are  from 
single  electrode  cell  tests  and  show  in  part  the  variability  in  mix  control  and  structure 
nonuniformity. 

Additional  cells  with  cathodes  prepared  by  filter-cake  techniques  were  assembled 
and  tested.  The  goal  of  these  tests  was  to  increase  .he  current  density  and  utilization 
of  active  material  during  discharge  and  the  improvement  of  handling  of  the  cathode 
slurry. 

A  comparison  of  cells  with  LdC104-PC  and  NaPFg-PC  electrolytes  is  made  in  Figure  24. 
Filter-cake  cathodes  formulated  with  a  variety  of  compositions  were  used  in  the  test. 

The  voltmeter  printer  ran  out  of  paper  after  40  hr  of  discharge,  and  new  paper  was 
not  added  until  after  88  hr  of  discharge.  With  all  cathode  formulations,  much  better 
results  were  obtained  with  LiClO^-PC  electrolyte.  The  best  cell  had  58%  utilization 
above  3.0  V  for  the  cell  and  delivered  60  W-hr/lb  for  actual  cell  weight.  Somewhat 
more  than  one- third  of  the  cell  weight  was  electrolyte. 

Other  cells  with  filter-cake  cathodes  were  assembled  with  different  proportions  of 
conductive  additives.  Discharge  curves  for  these  cells  are  shown  in  Figures  25  and 
26.  There  was  enough  cathodic  material  in  these  cells  for  180  hr  of  discharge  at  the 
1.5  ma/in.2  discharge  rate  and  somewhat  greater  excess  of  lithium. 


CELL  POTENTIAL  (V) 


DISCHARGE  TIME  (HR) 


Figure  21  Discharge  of  Cells  With  Filter  Cake  Cathodes 


Discharge  of  Cells  With  Filter  dike  diUibdbs  and  Sodiiiha  HexafUibiropiibsijkate 
Propylene  Carbonate  Electrolyte 
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2.6  CALORIMETRIC  INVESTIGATION  OF  ELECTROCHEMICAL  CELL  CHARACTERISTICS 

The  amount  of  heat  developed  by  a  cell  during  electrochemical  operation  is  of  interest 
(1)  in  cell  design  for  fabrication  of  electrodes  and  separators  in  a  cell  structure  so 
that  efficient  conduction  of  heat  may  be  planned  and  a  given  cell  oper  ating  temperature 
can  be  obtained;  (2)  as  a  measure  of  the  efficiency  of  cell  reaction,  since  polarization  ' 
and  internal  resistance  liberate  heat  during  cell  charge  and  discharge;  and  (3)  in  deter¬ 
mination  of  the  change  in  heat  of  reaction  as  a  possible  means  for  elucidation  of  the 
electrochemical  cell  reaction. 

To  gain  further  insight  into  the  reactions  occurring  in  the  lithium- copper  fluoride  cell, 
the  reactions  were  studied  using  a  single  cell  measuring  the  voltage  and  heat  evolution 
during  discharge  and  charge  operations.  The  lithium  electrode  was  fabricated  from 
lithium  sheet  15  mils  thick  rolled  onto  expanded  ni  ':el  screen.  The  copper  fluoride 
electrode  was  fabricated  by  pasting  an  80%  copper  fluoride,  20%  copper  flake  mixture 
wet  with  propylene  carbonate  electrolyte  on  an  expanded  copper  screen.  The  electrodes 
were  assembled  with  glass-fiber  filter  paper  separators  and  sealed,  with  propylene 
carbonate  —  0. 7-mole  sodium  hexafLuorophosphate  electrolyte  in  polyethylene-Mylar- 
aluminum  foil  laminated  bags.  In  the  first  three  runs,  six  cells  were  placed  in  parallel, 
each  witn  two  lithium  and  one  copper  fluoride  electrode.  For  the  next  three  runs,  two 
of  the  cells  were  removed  and  a  group  of  four  cells  was  connected  in  parallel.  The 
cell  and  resistance  heater  v/ere  immersed  in  oil  contained  in  a  double  glass  Dewar. 

The  Dewars  were  positioned  in  a  constant- temperature  oil  bath  and  the  Dewar  contents 
stirred  by  a  glass  paddle  driven  by  a  synchronous  motor.  Visual  temperature  readings 
were  made  with  an  NBS  certified  mercury  column  thermometer.  The  electrical  equip¬ 
ment  used  with  the  calorimeter  is  depicted  in  Figure  27.  During  a  run,  the  temperature 
change  determined  by  the  recorder  was  measured  for  a  given  cell  charge  or  discharge 
at  constant  current  operation.  The  temperature  change  was  next  determined  for  a 
calibrated  energy  input  through  the  resistive  heater.  The  energy  change  in  the  cell 
was  thus  obtained  by  proportion  as  follows: 


W  cell 


AT  cell 
AT  calibration 


W  calibration 


where  W  is  the  energy  in  watt- seconds.  The  method  of  obtaining  the  temperature 
change  compensates  for  the  heat  of  stirring.  Simultaneous  recording  of  the  cell 
voltage  during  the  run  was  used  to  compute  the  average  cell  voltage  V  during  the  run. 
The  change  in  heat  of  reaction  AH  is  computed  from  these  two  observations  for 
discharge  by 


=  ^7  W  cell  -  —  V . 

Jit  j  d 


AH 


c 


-  £7  W  cell  + 
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Figure  27  Block  Diagram  of  Calorimeter  Equipment 


where  W  cell  is  (+)  for  heat  evolution;  i  is  constant  current  in  amperes;  T  is  tinm 
of  cell  run  in  seconds;  F  is  the  Faraday  96, 500  amp- sec/equivalent;  j  is  4.18X10** 
kcal/mole;  and  n  is  equivalents  per  mole  of  reaction  as  written.  The  value  of  AH 
calculated  for  several  experimental  runs  is  given  in  Table  XVII.  The  current  densities 
were  0.5  mA/in.2  for  run  1,  0.83  mA/in. 2  for  runs  4  through  6.  On  run  1,  the  sens!" 
tivity  of  the  amplifier  was  1,000  to  1  and  together  with  the  low  current  used  resulted 
in  low  accuracy  for  the  temperature  change  measurement.  For  all  other  runs,  a 
sensitivity  of  3,330  to  1  was  used  for  the  amplifier  and  a  higher  current  was  used  for 
cell  operation.  On  run  3,  the  cell  pack  was  removed  and  the  cell  forced  to  occupy  a 
smaller  volume  by  bending  electrodes,  which  resulted  in  the  shorting  of  at  least  one  of 
the  cells.  Since  the  heat  developed  by  shorting  is  not  acct  anted  for  by  the  method  of 
heat  measurement  used,  the  value  for  the  heat  of  reaction  was  low.  Hie  shorted  cell 
was  removed,  and  runs  4  through  6  were  made.  On  run  6,  a  slow  evolution  of  heat 
was  noticed  after  termination  of  current  flow  and  the  calculated  heat  of  reaction  value 
was  low.  The  values  from  the  best  runs  for  the  heat  of  reaction  are  -73  to  -77  kcal/ 
equivalent  for  a  reaction  with  one  electron  change  (n=l).  The  best  value  for  the  heat 
of  reaction  for  charge  is  +72  kcal/equivalent.  It  can  be  noted  that  in  the  absence  of 
other  chemical  reactions,  equal  values  for  the  heat  cf  reaction  for  charge  and  dis¬ 
charge  mean  that  the  reaction  is  macroscopically  reversible.  This  fact  can  be  also 
demonstrated  by  material  balance  for  both  charge  and  discharge  reactions.  Reversi¬ 
bility  in  this  cell  system  can  be  obtained  only  if  sufficient  fluoride  ions  are  available 
for  reaction  with  copper  during  charge. 

Table  XVH 


CALORIMETRIC  STUDY  OF  LITHIUM  -  CUPRIC  FLUORIDE  CELL 

Current  Area  Open- Circuit  Average  - ”zJi - 

Run _ Mode _ (mA)  (in.2) _ Voltage _ Voltage  AH(a)  AF(a^) 

i(°)  Discharge  24  48  3.414  2.084  -59  -79 

2(d)  Discharge  40  48  3.512  2.636  -73  -81 

3  Discharge  40  48  2,87  2.306  -67 

4  Discharge  40  32  3.335  2,633  -77  -77 

5  Charge  40  32  3.362  3.920  +72  -77 

6  Charge  40  32  3.175  3.816  +63  -73 

(a)  kcal/equivalent. 

(b)  Calculated  from  open- circuit  voltage. 

(c)  Run  1,  cell  396, 

(d)  Run  2—6,  cell  411. 
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The  theoretical  values  for  the  thermodynamic  functions  with  solid-state  components 
for  the  reaction 

2  Li  +  CuF2  =  2  LiF  +  Cu  (1) 

are  for  a  one-electron  reaction  -82  kcal/equivalent  for  the  heat  of  reaction  and  -81 
kcal/equivalent  for  the  free  energy  of  reaction,  which  is  equivalent  to  a  cell  voltage  of 
3.50  V.  As  an  alternate  reaction,  the  reduction  of  CuF2  to  CuF  may  be  considered 
as 

Li  +  CuF2  =  LiF  +  CuF  (2) 

with  a  spontaneous  but  slow  following  reaction  of 

2  CuF  =  Cu  +  CuF2  (3) 

Reaction  (3)  is  thermodynamically  spontaneous,  since  the  free  energy  of  reaction  is 
-4  kcal/equivalent  of  reaction.  The  heat  of  reactionfor  reaction  (2)  is  -78  kcal/equiva¬ 
lent  of  reaction,  and  the  free  energy  of  reaction  is  -77  kcal/equivalent,  which  is  equal 
to  a  cell  voltage  of  3. 34  V.  Although  the  precision  of  the  heat  of  reaction  measurements 
were  within  10  %,  the  theoretical  values  differ  by  less  than  this  amount. 

Heat  of  reaction  values  less  than  -77  kcal/equivalent  were  found  experimentally,  and 
cell  voltages  near  3. 3  V  were  noted  for  successive  runs.  It  is  proposed  that  the 
following  reactions  occur.  Initially,  the  open-circuit  voltages  are  3.5  V,  indicating 
the  reaction  of  lithium  and  CuF2s  reaction  (1).  When  cell  discharge  occurs,  CuF  is 
formed  and  the  cell  voltage  falls  to  3.3  V,  "i+ion  (2).  This  change  in  mechanism 
may  account  for  the  observation  in  some  systems  of  the  drop  and  subsequent  recovery 
of  cell  potential  during  constant  current  discharge.  The  cell  voltage  recovers  as 
sufficient  CuF  is  produced  to  complete  the  overall  reaction. 

The  reactions  which  may  occur  on  charge  are  the  reverse  of  reaction  (1): 

2  LiF  +  Cu  =  Li  +  CuF2  (4) 

for  which  the  heat  of  reaction  is  +82  kcal/mole  equivalent  and  the  free  energy  of 
reaction  +81  kcal/equivalent  again  corresponding  to  a  cell  voltage  of  3.5  V. 

An  alternative  charge  reaction  can  be  written  as  follows: 

LiF  +  Cu  =  Li  +  CuF  (5) 

This  occurs  with  the  spontaneous  following  reaction 

2  CuF  =  Cu  +  CuF2  (3) 


7? 


For  reaction  (5),  the  heat  of  reaction  is  +86  kcal /equivalent  of  reaction  and  the  free 
energy  charge  +84  kcal/equivalent,  which  corresponds  to  a  cell  voltage  of  3.66  V. 

The  value  for  the  heat  of  reaction  for  charge  for  one  determination  was  +72  kcal/equiva¬ 
lent,  a  value  which  is  lower  than  either  of  the  two  mechanisms  presented  in  reaction 
(4)  or  (5)  which  include  complete  cell  reversibility  by  regeneration  of  the  initial  lithium 
metal  and  insoluble  CuF2. 

If  there  is  insufficient  fluoride  ion  in  the  cell  because  of  a  low  diffusion  rate,  then  it  is 
possible  that  both  soluble  lithium  salts  may  be  formed  on  discharge  and  soluble  copper 
salts  be  formed  on  charge.  For  the  reaction  with  ions,  the  following  equation  can  be 
written: 

2  Li+  +  Cu  =  Cu+2  +  2  Li  (6) 

Estimates  of  the  heat  of  reaction  changes  cannot  be  made  for  propylene  carbonate  sys¬ 
tems,  since  thermodynamic  values  of  ions  are  not  known.  However,  for  aqueous  ions 
the  heat  of  reaction  for  reaction  (6)  is  +74  kcal/equivalent.  It  is  expected  that  the 
value  for  reaction  (6)  in  propylene  carbonate  systems  would  be  between  74  and  82  kcal/ 
equivalent  of  reaction  owing  to  the  lower  solubility  of  salts  in  propylene  carbonate. 
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Section  III 

DESIGN  OF  25  AMPERE-HOUR  CELLS 


One  of  the  goals  of  this  project  is  the  assembly  and  discharge  of  25  A-h  batter?  2S. 

For  simplicity,  a  mechanical  design  for  the  cell  case,  terminals,  and  seal  which  had 
been  previously  developed  and  described  in  another  contract  report*,  was  utilized. 

In  this  design  (Figure  28),  a  special  polypropylene  seal  bushing  is  inserted  into  a 
hole  in  a  commercially  available  aluminum  can.  The  seal  bushing  is  subsequently  hot- 
formed  into  the  shape  shown  in  the  drawing.  A  flu oro- elastomer  O-ring  is  in  place 
on  the  outside  of  the  can  during  the  hot-forming  operation.  An  O-ring  is  placed  on 
the  terminal  and  an  effective  seal  is  made  when  the  assembly  is  tightened,  forcing 
the  O-ring  on  the  outside  of  the  can  against  the  can  surface  and  the  other  O-ring 
against  the  chamfered  edge  in  the  seal  bushing  and  the  terminal.  A  polypropylene 
"keeper"  prevents  turning  of  the  terminals  when  the  terminal  nuts  are  tightened,  and 
in  addition  is  tapped  to  receive  a  fill  plug  which  seals  with  an  O-ring  to  the  can.  The 
electrodes  and  separators  are  attached  to  the  terminal  and  keeper  assembly  and  then 
mserted  into  the  can  and  the  terminal  nuts  are  tightened.  The  bottom  of  the  can  is 
inert  gas  welded  in  place  and  electrolyte  added  through  the  fill  hole. 

The  cell  design  for  this  nominal  25  A-h  cell  to  be  discharged  for  100  hr  at  0. 25  A 
uses  electrodes  3. 13  by  2. 88  in.  which  have  an  area  of  9. 01  in.2  per  side.  For  a 
discharge  rate  of  1.5  mA/in.2  which  has  been  achieved  with  bag- type  cells,  10  anodes 
and  9  cathodes  will  be  needed.  The  projected  weight  for  the  laboratory  model  of  the 
cell  (Fig.  29)  is  given  in  Table  XVUI. 


Table  XVHI 


PROJECTED  WEIGHT  ANALYSIS  OF  NOMINAL  25  A-H 
LITHIUM- CUPRIC  FLUORIDE  CELL 


Item 

— — 

Total  Weight 

Grams 

Percent 

Cell  Case  and  Hardware 

122.6 

28 

Active  Cathodic  Material 

101.3 

23 

Active  Anodic  Material 

10.0 

2 

Electrode  grids 

67.2 

15 

Electrolyte 

140.0 

32 

Total 

l_______441.1_  __ 

100 

With  the  projected  discharge,  this  cell  would  deliver  75  W-hr/lb.  Improvements  in  this 
figure  will  be  obtained  with  increased  cathode  utilization,  increased  current  density, 
and  decreased  electrolyte. 

*  Contract  No.  AF  33(615)-1195  AFAPL-TR-64-147,  Lockheed  Missiles  &  Space  Company, 
Sunnyvale,  Calif.,  Feb  1965. 


Ampere  H 


Section  IV 
CONCLUSIONS 


The  interest  in  nonaqueous  solvent  electrolyte  systems  is  relatively  recent  and  the 
research  in  this  field  has  been  limited  when  compared  to  aqueous  systems.  In  addition, 
research  effort  has  been  diluted  by  the  number  of  solvents,  electrolyte  salts,,  and 
cathodic  materials  that  have  been  investigated.  Lithium  has  received  the  most  as  an 
anode  material.  The  effort  of  this  contract  has  been  concerned  with  the  Li-CoF0  and 

'U 

Li-CuF2  systems  and  had  the  development  of  batteries  with  specified  characteristics 
as  a  goal 

To  date,  work  has  been  obtained  in  cell  discharges  and  the  cathode  structures  fabricated 
to  date  have  only  been  capable  of  very  low  rate  discharges.  Probably  moBt  discouraging 
is  the  potential  obtained  during  discharge  with  these  cells;  a  single  sustained  voltage 
level  is  not  indicated  but  rather  a  gradually  declining  voltage  with  possibly  two  voltage 
levels  above  2. 0  V.  This  poor  voltage  regulation  not  only  makes  the  use  of  this  couple 
in  a  battery  difficult  but  if  voltage  regulation  is  imposed  by  auxiliary  devices,  energy 
to  weight  ratio  for  the  system  drops  to  values  which  are  more  readiij  obtained  by  other 
couples.  For  these  reasons  work  with  the  Li-CoF3  system  will  be  discontinued  during 
the  remainder  of  this  contract. 

The  development  effort  with  the  CuFg  electrode  has  indicated  tin  t  its  activity  is  strongly 
influenced  by  the  electrolyte  and  the  supporting  cathode  structure.  The  most  fruitful 
immediate  field  appears  to  be  with  the  materials  used  in  the  cathode  structure  and  the 
preparative  method  for  the  cathode  structure  to  obtain  high  utilization  ofthe  active 
material  and  higher  c:  ant  densities  at  the  cathode. 

The  anode  polarization  is  minor  compared  to  other  cell  losses  at  the  present  stage  of 
development.  At  this  time,  it  appears  that  the  Li-CuFg  system  has  its  greatest  potential 
during  extended  discharges  which  minimize  polarization  and  ohmic  losses  in  the  cell.  The 
results  have  shown  no  basic  reasons  to  prevent  the  development  of  useful  batteries  from  the 

Li- CuFg  system  and  the  next  portion  of  the  contract  will  have  this  goal. 
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13  abstract  This  program,  to  develop  the  technology  necessary  to  build  batteries  based  on  the 
lithium-cupric  fluoride  and  lithium-eobaltic  fluoride  couples ,  was  concerned  with  the 
development  of  components  as  well  as  battery  design.  Propylene  carbonate  and  butyro- 
lactone  were  the  mr.w  stable  solvents  studied  and  the  majority  of  effort  was  with  these 
solvents.  Conductivities  of  greater  than  10 “2ft -1  cm"1  were  measured  with  solutions  of 
NH4PF6  in  propylene  carbonate  and  several  fluorine  complex  salts  in  butyrolactone.  The 
influence  of  water  was  mininuzed  in  these  and  compatibility  tests  by  direct  distillation  of 
solvent  into  the  sa1*.  Solutions  of  NaPFg  in  propylene  carbonate  had  reasonable  stability 
and  were  moderately  successful  as  electrolyte  for  cell  tests.  Solutions  of  LiClC>4  in 
propylene  carbonate  gave  by  far  the  best  discharges.  Lithium  anodes  were  prepared  from 
lithium  strip  and  despersions  and  gave  similar  results  on  cell  test.  The  selection  of  either 
type  for  use  in  batteries  will  depend  upon  fabrication  simplicity.  Resistance,  electrolyte 
absorption,  and  retention  were  measured  for  selected  separator  material.  Absorption  was 
generally  low  for  materials  compatible  with  these  cell  systems.  Sustained  cell  discharges 
with  a  voltage  plateau  were  not  obtained  with  Li-CoFg  cells  even  at  current  densities  of 
0.5  mA/in.  There  wa»  evidence  that  the  cell  reaction  was  mar  of  the  Ll-Col'2  couple 
with  a  reaction  2  C0F3  +  Co  -*■  2  C0F2  proceeding  chemically .  Discharges  of  100  hr  above 
3.0  V  wer*,  obtained  with  Li-CuF2  cells.  The  best  cell  had  58%  utilization  of  CaF2  with  a 
cell  voltage  above  3,0  V  and  delivered  60  W-hr/ib  of  cell  weight.  About  one  third  of  the 
cell  weight  was  electrolyte  and  improved  figures  would  be  expected  with  larger  cells  where 
the  electrolyte  would  be  a  smaller  proportion  of  the  cell  weight. 
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